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ABSTRACT 
 
Nitrogen (N) fertilizer is expensive and can be harmful to the environment. Precision agriculture 
(PA) has the capability to reduce the amount of excess N from crop production released into the 
environment, increase net returns to the grower, and reduce the risk of profit loss due to spatial 
and temporal variability. The objectives of this study were to evaluate the profitability, risk 
management potential, and N use efficiency of using real-time optical sensing with variable-rate 
technologies (VRT) to manage spatial variability in cotton production. Data collected from 29 
field trials in Tennessee, Louisiana, Mississippi, and Missouri from 2011 to 2014 included lint 
yields harvested and N rates calculated from three N rate management strategies. The first N 
treatment was the existing farmer practice (FP), the second was a VRT treatment using optical 
sensing technology Greenseeker™, and the third was a VRT treatment using Greenseeker™ and 
yield monitor information. The two PA strategies were compared to the existing farmer practice. 
In addition, soil properties and weather were examined to determine their effects on lint yields, 
net returns, N rates, and N use efficiency.  
Three methods used in this study each include an analysis of lint yields, N rates, net 
returns, and N use efficiency. The first model was an analysis of variance (ANOVA) to identify 
treatment mean differences. The second model was an ANOVA that measured soil and weather 
effects on mean differences between technology and FP.  The third model was a logistic analysis 
to test for risk of a loss using VRT. Results indicated differences in technology net returns versus 
the FP and no differences between VRT and FP in yields, N rates, or N use efficiency. Warmer 
temperatures were negatively associated and a greater percentage of organic matter had positive 
associations with VRT net returns and N use efficiency relative to FP. Profit risk management 
benefits were identified using Greenseeker™ versus the FP. Results can be used by Extension 
 v 
offices and cotton farmers in Tennessee, Mississippi, Louisiana, and Missouri to determine if 
adopting optical sensing and VRT would be beneficial to their operations. 
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CHAPTER I: INTRODUCTION AND PROBLEM IDENTIFICATION 
Fertilizer nitrogen (N) is an expensive and important input in the production of crops such as 
upland cotton (Gossypium hirsutum L.). The United States Department of Agriculture (USDA) 
estimated that farmers spent $7.2 billion on anhydrous ammonia and N solutions in 2011 (USDA 
2013). Crop nutrient N consumption more than doubled, from 6.0 million to 13.7 million short 
tons, from 1967 to 2007 in the United States (USDA 2013). The increased use of N fertilizer has 
raised concerns about potential environmental damages due to the many ways N can be dispersed 
into the surrounding environment. N is unstable after it is applied (Raun and Johnson 1999) and 
can be lost into the environment through gaseous emissions, leaching, runoff, and soil 
denitrification (Peng et al. 2006). Waterways such as the Mississippi River and the Chesapeake 
Bay have experienced changes in water quality due to increased fertilizer use (Turner and 
Rabalais 1991; Roberts and Prince 2010).   
  Farmers have no easy way of containing the excess lost N but can apply the fertilizer 
more efficiently to limit N released to the environment. Conventional rates of fertilizer N used by 
growers were developed in small individual fields with little spatial variability (Isik and Khanna 
2003). Uniform N rates were applied across entire fields that likely have variability in soils and 
other field factors that will result in sections of the field having more and less N fertilizer 
available to the crop than is necessary to maximize yields or profits (i.e., over- and under-
application) (Scharf et al. 2005; Scharf et al. 2011; Vetsch et al. 1995; Isik and Khanna 2003). 
Over- and under-application can increase excess N released into the environment and decrease 
crop yield compared with economically optimal rates and, in turn, reduce profits (Lambert, 
Lowenberg-DeBoer, and Malzer 2006). With precision agriculture (PA) technology, defined by 
the National Research Council (1997) as “a management strategy that uses information 
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technologies to bring data from multiple sources to bear on decisions associated with crop 
production (p. 17),” growers can utilize several technologies to better manage N fertilizer 
application. For example, switching from N application using a uniform rate technology (URT) 
to a variable rate technology (VRT)  in an attempt to reach the optimal application rate by 
varying the rate based on variable field factors (Sawyer 1994), and can reduce the amount of 
wasted N, costs, labor (Raun et al. 2002; Tubaña et al. 2008), excess N pollution that collects in 
the groundwater (Biermacher et al. 2009b; Raun and Johnson 1999; Roberts et al. 2002; 
Watkins, Lu, and Huang 1998), and runoff that contributes to water pollution (Larkin et al. 2005; 
Raun and Johnson 1999; Scharf et al. 2005; Isik and Khanna 2003).   
Yields and net returns can also be affected by the anomalous factors such that rainfall and 
temperature cause yields to rise or fall below the same field’s potential (Bullock and Bullock 
1994; Isik and Khanna 2003; Elms, Green, and Johnson 2001; Carr et al. 1991; Vetsch et al. 
1995; Wibawa et al. 1993). Zhang, Wang, and Wang (2002) categorized these types of spatial 
and temporal variability factors that influence the economic and environmental performance of 
PA into: 1) yield variability, such as historical and present distribution, 2) field variability, such 
as topography, 3) soil variability, such as nutrients in the soil, density, and moisture, 4) crop 
variability, such as plant density, height, and nutrient stress, 5) anomalous factors, such as weed, 
insect, and disease infestation and wind damage, and 6) management, such as tillage, crop 
rotation, and fertilizer application.  
The risk of yield losses due to spatial or temporal variability in the aforementioned 
factors can theoretically be managed using PA.  PA has the potential to create a more 
homogenous growing environment within the farm field, thus promoting increases in yields and 
net returns in problem areas in the field and reductions in production risk (Lowenberg-DeBoer 
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and Swinton 1997; Lowenberg-DeBoer 1999; Larson, English, and Roberts 2002). However, the 
adoption of PA is not without risk. The possibility of yield and net return losses due to human 
implementation or interpretation error and the risk of technology obsolescence have the potential 
to dissuade growers from adopting VRT (Lowenberg-DeBoer 1999). 
Studies around the world have indicated risk management and environmental benefits 
and have shown mixed results in terms of profitability from the adoption of PA. There is, 
however, a lack of information in cotton production utilizing real-time optical sensing 
technologies and VRT N fertilization application in the Mississippi River Basin (MRB) states 
(Tennessee, Louisiana, Mississippi, and Missouri), and whether these technologies can reduce 
losses of N to the environment. The need for a cotton N utilization study using PA technologies 
in the MRB area was identified through surveys among producers in twelve southern states 
(Mooney et al. 2010). If growers had access to information/studies specific to the MRB region, 
they could make more informed decisions about adoption of real-time optical sensing and VRT 
in N fertilization with regard to soil types, reduced fertilizer costs, increased profitability, 
increased labor/application efficiency, and decreased excess N reaching groundwater 
(Biermacher et al. 2009b).  
Policy makers, crop insurance companies, and technology manufacturers can also use 
economic information about PA technology to assist producers. Policy makers would have the 
resources to create incentive programs for farmers to adopt site-specific technologies like VRT. 
Externalities can be examined to determine a program that would either reduce N by charging a 
tax of sorts on excess fertilizer use or incentivize growers to adopt VRT with a subsidy for the 
technology (Larkin et al. 2005; Roberts et al. 2002; Zhang, Wang, and Wang 2002). This 
information is useful for crop insurance companies because they could potentially provide lower 
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rates to those who adopt a site-specific technology (Lowenberg-DeBoer 1999). Technology 
manufacturers could better pinpoint a target cost for the technology for the end consumer 
(Biermacher et al. 2009a).  
Research Objectives 
The objectives of this research are: 1) to evaluate the profitability and risk management potential 
of using real-time optical sensing and variable-rate application technologies to manage spatial 
variability in cotton fields in the MRB states (Tennessee, Louisiana, Mississippi, and Missouri), 
and 2) to assess how real-time optical sensing and VRT affect N use and N production use 
efficiency in cotton production.  
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CHAPTER II: LITERATURE REVIEW 
Managing N using PA technologies has the potential to affect profits, N losses to the 
environment, and risk in cotton production. The pertinent literature has progressed over time 
along with the technology. Early literature begins with simulation analysis (Roberts et al. 2002; 
Watkins, Lu, and Huang 1998). Later studies analyze the impacts of VRT (N, phosphorus, and 
lime) compared to URT in crop production using experiments and farm field trial data 
(Bongiovanni and Lowenberg-DeBoer 2000; Hu et al. 2007; Lambert, Lowenberg-DeBoer, and 
Bongiovanni 2004; Lambert, Lowenberg-DeBoer, and Malzer 2006; Maine et al. 2010; Maine et 
al. 2007; Peng et al. 2006; Wang et al. 2003). The most recent literature involves optical sensing 
with VRT on wheat (Triticum aestivum L.) and corn (Zea mays L.) in experiments and farm field 
trials (Biermacher et al. 2006; Biermacher et al. 2009b; Butchee, May, and Arnall 2011; Ortiz-
Monasterio and Raun 2007; Raun et al. 2002; Raun et al. 2005; Scharf et al. 2011). Literature 
examining the potential risk management benefits of VRT include Lowenberg-DeBoer (1999), 
Isik and Khanna (2003), and Larson, Roberts, and English (2002). A literature summary is in 
Appendix Table 1 (all Figures and Tables are in the Appendix section and will be referred to by 
Figure or Table number here on out). 
 Early literature used simulation to estimate the economic and environmental benefits 
from VRT. These studies are useful but simulation models may not be as accurate as assessing 
data from field experiments because they may underestimate the variability within a field 
(Swinton and Lowenberg-DeBoer 1998). Watkins, Lu, and Huang (1998) and Roberts et al. 
(2002) used the Environmental Policy Integrated Climate (EPIC) model, a daily time step crop 
and soil simulation model, to simulate crop yields and soil processes including soil water 
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balances, nutrient runoff, and so forth. Both studies realized the positive environmental impact of 
adopting VRT N application but neither found economic benefits. 
Watkins, Lu, and Huang (1998) evaluated the profitability and environmental 
externalities of VRT N application versus URT. Results of the EPIC model indicated URT 
application was more profitable than VRT application and N losses were roughly the same for 
both application technologies. The most economic and environmentally beneficial method of N 
application was to split the applications between pre-plant N and post-plant N during the 
growing season. This split application approach generated larger profits and reduced N loss for 
both VRT and URT applications. URT application, however, realized profits slightly higher than 
VRT (increases of $2 ha−1 and $1 ha−1, respectively). 
Similar to Watkins, Lu, and Huang (1998), Roberts et al. (2002) simulated the 
profitability and environmental effects of VRT N application versus URT in corn production 
using the EPIC model. Incorporating three weather scenarios and three West Tennessee soil 
types (Collins, Memphis, and Loring), VRT N application resulted in a reduction in N loss in 
comparison with URT application. The difference in spatial variability between fields changed 
how profitable VRT was in corn production. Smaller amounts of spatial variability within a field 
reduced the profitability of VRT. 
Later studies were based on experimental data conducted on rice (Oryza sativa L.) (Hu et 
al. 2007; Peng et al. 2006), corn (Lambert, Lowenberg-DeBoer, and Bongiovanni 2004; Maine et 
al. 2010; Wang et al. 2003), and wheat (Biermacher et al. 2006; Biermacher et al. 2009b; Raun et 
al. 2002; Raun et al. 2005). Hu et al. (2007) and Peng et al. (2006) evaluated the potential for 
improving N efficiency through site specific management technologies. Peng et al. (2006) and 
Hu et al. (2007) used experimental data on irrigated rice in four Chinese provinces to compare 
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current farming practices with alternative N management systems. Peng et al. (2006) compared 
current practices with two site specific management systems; real-time N management and fixed-
time adjustable-dose N management. Nitrogen use efficiency (NUE) was found in this case by 
using an N-omission plot. Results indicated site specific N management systems reduced N 
applied, increased NUE (in some cases doubled NUE), and produced similar or higher yields 
than current farming practices. Hu et al. (2007) had similar findings using three N application 
management techniques: current N practices, site specific management, and a modified site 
specific management plan. The average N use for site specific management was 48 kilograms 
per hectare (kg ha−1) less N than current management practices and 23 kg ha−1 less with modified 
management when compared to current practices. Further examination indicated increased 
profits of $82 ha−1 to site specific management and $63 ha−1 for modified management without 
reducing yields. Peng et al. (2006) and Hu et al. (2007) found that NUE increased by reducing 
the N rate applied without reducing yields.  
Literature regarding VRT application to corn is more readily available due to the large 
amount of corn grown in the United States and more extensive N use when compared to other 
crops (U.S. Department of Agriculture 2013). Before 2000, 64% of studies on PA profitability 
found that PA provided economic benefits though there was a wide range of results (Lambert 
and Lowenerg-DeBoer 2000). The recent studies on corn have suggested some profitability 
compared to a whole-field management system. Lambert, Lowenberg-DeBoer, and Bongiovanni 
(2004), Wang et al. (2003), and Maine et al. (2010) examined the economic benefits of adopting 
VRT in corn production. Lambert, Lowenberg-DeBoer, and Bongiovanni (2004) did an 
economic analysis of VRT in corn response to N by comparing four spatial regression methods 
on data from an experiment conducted in 1999 in Cόrdoba Province, Argentina. While the 
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assumptions for the four methods were different, the results were similar and indicated that 
including a spatial component allowed site-specific patterns to be identified. Net returns to N use 
were found to be $1 to $2 ha−1 more profitable compared to URT when spatial components were 
included in the analysis. Lambert, Lowenberg-DeBoer, and Malzer (2006) did a spatial analysis 
on yield response to VRT using N and/or phosphorus on a 5 year corn-soybean rotation in 
Windom, Minnesota. In terms of temporal stability, results specified that corn and soybean 
response to P were not stable in some areas but were in others and crop response to N indicated 
no stability. In terms of profitability, an ex post analysis resulted in average returns to VRT 
(including both N and phosphorus) were $28 ha−1 more profitable than the URT management 
system.  
Wang et al. (2003) found profitability and environmental benefits through VRT N 
application versus two different URT N applications. Data from four claypan soil fields in 
Missouri were analyzed through a combination of field measurements and simulation. VRT was 
more profitable in all fields with respect to the URT application based on soil depth and two of 
the four fields with respect to a second URT application based on prior N rate knowledge. VRT 
was overall more beneficial in terms of water quality (less potentially leachable N) than in either 
URT.  
Bongiovanni and Lowenberg-DeBoer (2000) estimated the profitability of VRT lime 
application to corn and soybean production in 18 sites spanning the Eastern and Midwestern 
United States and one in Canada. Two site-specific management strategies and one intermediate 
strategy were used to apply lime to compare the profitability of these strategies.  The first 
strategy used the recommended rate rule after soil sampling and increased average annual returns 
by $7.24 ha−1, 1.78 percent (%). The second strategy used a decision-rule, the rate that 
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maximized net present value, and increased average annual returns by $19.55 ha−1 (4.82%). The 
information technology strategy used site-specific information to determine the most optimal 
URT application rate of lime and resulted in increased average annual returns by $14.38 ha−1 
(3.54%). All three strategies employed at least some PA technologies, two of which use VRT, 
and realized increased profits.  
VRT phosphorus and N fertilizer applications on corn production in South Africa 
indicated profitability over conventional methods (Maine et al. 2007; Maine et al. 2010). Maine 
et al. (2007) analyzed the profitability of VRT phosphorous application. Response functions 
estimated using spatial analysis indicated varying yield responses between management areas. 
When applying phosphorus at the profit-maximizing VRT rates, yields were the highest at 8.06 
metric tons ha−1 and profits were $633.08 ha−1, $45.30 higher than URT. URT applications 
generated higher average yields than VRT, but VRT resulted in higher unweighted profits 
relative to URT treatments. Maine et al. (2010) utilized ordinary least squares regression and 
spatial autoregressive methods to analyze VRT N fertilizer application in comparison with URT 
N application. Overall, VRT was found to be more profitable than URT. A year-by-year 
comparison was not always the same as some years actually showed more profitability for URT.  
The most recent literature includes optical plant sensing of the crop canopy in the 
examination of economic and environmental benefits to PA. Sensor based technology, including 
GreenSeeker™, was utilized to analyze the profitability and measure NUE of precision N 
application to wheat and corn (Biermacher et al. 2006; Biermacher et al. 2009b; Butchee, May, 
and Arnall 2011; Ortiz-Monasterio and Raun 2007; Raun et al. 2002; Raun et al. 2005; Scharf et 
al. 2011). Scarf et al. (2011) assessed sensor based, VRT N application versus current farmer 
uniform N rates in corn production in Missouri. Over four years, 55 replications were conducted 
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to determine the profitability of PA. VRT N fertilizer applications increased yields by 110 kg 
ha−1 and reduced N by 15 kg ha−1, increasing partial profits (value of corn grain minus cost of N 
applied) by $42 ha−1 over producer chosen uniform N rates. 
Four Oklahoma based studies found profitability and/or NUE benefits of sensor based 
technology in wheat production (Biermacher et al. 2006; Biermacher et al. 2009b; Raun et al. 
2002; Raun et al. 2005). Raun et al. (2002) analyzed optical sensing and VRT in Oklahoma 
winter wheat production. The study examined four winter wheat experiments that compared 
these technologies with URT. The NUE, defined here as yield times total N divided by the N 
application rate, on average increased by more than 15% when comparing VRT to URT. They 
found extra income due to efficiency to cover the expected costs of the technology ($4.00 to 
$5.00 ha−1) and that optical sensing would be most beneficial in areas of high spatial variability. 
Raun et al. (2005) found N reductions as well, measuring an increase of 15% in NUE via the 
adoption of optical sensing. 
Biermacher et al. (2006) assessed over 30 years of data from two sites in Oklahoma that 
estimated net returns of adopting sensor based precision agriculture in wheat production. Overall, 
the two sites showed average profitability of $21.80 to $24.30 ha−1 over conventional practices 
and reduced pre-plant N by 59% to 82%. In another study, Biermacher et al. (2009b) evaluated 
data from an experiment that took place in seven Oklahoma locations across nine years. Results 
from the yield response to N showed that the perfect information system (a variable-rate system 
of N fertilization based on real-time sensing and an optimization algorithm) generated $16 ha−1 
more and the uniform topdress-sensed system returned $9 more ha−1, respectively, in comparison 
with conventional practices. Increasing prices for N and wheat caused the potential advantage of 
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precision farming to nearly double. The Oklahoma experiments demonstrated increased 
economic and environmental benefits from optical sensing and VRT.  
Ortiz-Monasterio and Raun (2007) and Butchee, May, and Arnall (2011) assessed N 
application efficiency in wheat utilizing N-rich strips with GreenSeeker™ sensing technology. In 
Yaqui Valley, Mexico, validation experiments were conducted that led to eight field trial 
experiments comparing VRT to conventional practices (Ortiz-Monasterio and Raun 2007). The 
validation trials indicated an average savings of 69 kg ha−1 of N without a reduction in wheat 
yields. Across all field trials, optical sensing technologies increased average profitability by $56 
ha−1. Butchee, May, and Arnall (2011) utilized the same technologies to assess the NUE 
compared to farmer practice (FP) in Oklahoma. On average, using the sensor based calculator to 
apply N produced similar wheat yields but reduced N by 22 kg ha−1 compared to current FPs. 
Optical sensing technologies increased NUE and provided environmental benefits in both of the 
aforementioned studies.  
PA has the potential to apply N more efficiently and to reduce production risk by creating 
a more homogenous growing environment within the farm field (Lowenberg-DeBoer and 
Swinton 1997; Lowenberg-DeBoer 1999; Larson, English, and Roberts 2002). Several articles 
have assessed the risk management benefits to farmers of PA. Lowenberg-DeBoer (1999) 
examined data from on-farm trials in Indiana, Ohio, and Michigan from 1993 to 1995 on either 
corn-soybean or corn-soybean-wheat crop rotations. He found that there are risk management 
benefits of using VRT application of phosphorus and potassium through a reduction in the 
probability of low net returns. A comparison of the distributions of net returns indicated that 
VRT application of phosphorus and potassium based upon soil type was not preferred to uniform 
application of fertilizer across the field using first degree stochastic dominance criterion. 
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However, VRT application of fertilizer would be preferred by risk-averse farmers according to 
the mean-variance decision rule.  
 Isik and Khanna (2003) examined the uncertainties of weather and soil types in relation 
to production and the adoption of PA. Uncertainty may prevent a risk-averse farmer from 
adopting PA and thereby reducing excess N lost to the environment. Subsidy programs, however, 
may incentivize growers to adopt the technology. Results from the survey conducted in the 
Otter-Lake watershed of Illinois indicated that increased N and phosphorus decreased the yield 
variability, making them risk-decreasing production inputs.  
A simulation modeling study of VRT N application using soil management zones for 
three Tennessee soil types was conducted by Larson, English, and Roberts (2002). They found 
that VRT could provide risk management benefits on corn fields with large spatial variability. 
From an environmental standpoint, however, URT would be preferred by farmers who are risk 
averse. The whole field fertilizer application reduced N rates more than with VRT and, thus, 
reduced N lost to the environment more than VRT.  
Based on the existing literature, VRT profitability results and risk management benefits 
compared to URT or FP are mixed and involve N, phosphorus, and/or lime fertilizer on corn, 
wheat, or rice production. There is a lack of information in optical sensing and VRT N 
management strategy comparisons in cotton production. This study will add information to the 
discipline regarding the profitability and risk management benefits of using VRT and optical 
sensing compared to FP in cotton production in the MRB states.  
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CHAPTER III: CONCEPTUAL FRAMEWORK 
Treatment Effect 
Net Returns 
A risk-neutral, profit-maximizing producer will adopt VRT N application if the profitability of 
VRT is greater than the profitability of the current FP N application. The typical FP is to apply 
the same rate of N across the farm field. The profitability of VRT involves tradeoffs among: 1) 
cost of information, 2) cost of VRT application, 3) changes in yield, and 4) changes in N use 
(Biermacher et al. 2009a; Lowenberg-DeBoer 1999). In addition, site-specific factors, such as 
soil variability within fields and weather can influence the producer’s decisions of how much N 
to apply and whether to use a new technology (Bullock and Bullock 1994; Isik and Khanna 
2003; Lowenberg-DeBoer 1999; Whelan and McBratney 2000; Zhang, Wang, and Wang 2002).  
The profit equations for FP N application and VRT N application include the tradeoff 
between the factors listed above. The profit equation for FP N application decision for cotton is: 
𝑁𝑅𝐹𝑃 = 𝑃 × 𝑌𝐹𝑃 − 𝑟
𝐵𝑁𝐹𝑃
𝐵 − 𝑟𝑇𝑁𝐹𝑃
𝑇 − 𝐼𝐴𝐶𝐹𝑃 − 𝑂𝐶𝑃,    
 (1) 
where NR is cotton net returns ($ ha−1), P is cotton lint price ($ kg−1), Y is cotton lint yield (kg 
ha−1), 𝑟𝐵 is the pre-plant N price ($ kg−1), 𝑁𝐵 is the pre-plant N fertilization rate (kg ha−1), rT is 
the top (or side) dress N price ($ kg−1), 𝑁𝑇 is the top (or side) dress N fertilization rate (kg ha−1), 
IAC is the information and application cost used in the FP N fertilization process ($ ha−1) 
including labor and equipment, and OCP represents the other costs of cotton production ($ ha−1) 
that do not change across N application technologies. 
The producer’s profit equation for the VRT N application decision for cotton is: 
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𝑁𝑅𝑉𝑅𝑇 = 𝑃 × 𝑌𝑉𝑅𝑇 + 𝐼𝑃𝑉𝑅𝑇 − 𝑟
𝐵𝑁𝑉𝑅𝑇
𝐵 − 𝑟𝑇𝑁𝑉𝑅𝑇
𝑇 − 𝐼𝐴𝐶𝑉𝑅𝑇 − 𝑂𝐶𝑃,  
 (2) 
where IP is an incentive payment received from a government agency, such as the USDA 
Natural Resource Conservation Service (NRCS) Environmental Quality Incentives Program 
(EQIP)1, to adopt VRT, and information costs (IC) include the ownership and labor costs of 
VRT. USDA (NRCS) and the Environmental Protection Agency are interested in reducing the 
amount of N applied by incentivizing the adoption of conservation practices such as VRT N 
application (USDA 2014b). Considering the incentive payments in net returns allows the 
effectiveness of these incentives in adoption of VRT N application to be determined.  
Using the profit equations for FP (1) and VRT (2), 𝑁𝑅𝐹𝑃  can be set equal to 𝑁𝑅𝑉𝑅𝑇  and 
the terms rearranged to analyze the sensitivity of changes in prices to profitability in VRT N 
application. The left-hand side of the equation is the change in the cost of the technology (cost of 
machinery ownership, fertilizer application, and labor): 
𝐼𝐴𝐶𝑉𝑅𝑇 − 𝐼𝐴𝐶𝐹𝑃 = 
 𝑃 × (𝑌𝑉𝑅𝑇−𝑌𝐹𝑃) + 𝐼𝑃𝑉𝑅𝑇 + 𝑟
𝐵 × (𝑁𝐹𝑃
𝐵 − 𝑁𝑉𝑅𝑇
𝐵 ) + 𝑟𝑇 × (𝑁𝐹𝑃
𝑇 − 𝑁𝑉𝑅𝑇
𝑇 ).  (3) 
Equation 3 yields a partial budgeting net returns relationship, a common way to analyze the 
economic benefits of a technology (Boehlje and Eidman 1984; Thrikawala et al. 1999; Koch et 
al. 2004; Biermacher et al. 2009a; Boyer et al. 2011).   
Equation 3 assumes that the VRT costs are more expensive than FP. The costs of VRT 
(𝐶𝑉𝑅𝑇) on the left-hand side of Equation 3 can be denoted as 
                                            
 
 
 
1 NRCS precision nutrient management practice code number 590 used for incentive payment in Equation 2. 
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𝐶𝑉𝑅𝑇 = 𝐼𝐴𝐶𝑉𝑅𝑇 − 𝐼𝐴𝐶𝐹𝑃        
 (4) 
and Equation 3 can be rewritten as an inequality: 
𝐶𝑉𝑅𝑇 < 
𝑃 × (𝑌𝑉𝑅𝑇−𝑌𝐹𝑃) + 𝑟
𝐵 × (𝑁𝐹𝑃
𝐵 − 𝑁𝑉𝑅𝑇
𝐵 ) + 𝑟𝑇 × (𝑁𝐹𝑃
𝑇 − 𝑁𝑉𝑅𝑇
𝑇 ) + 𝐼𝑃𝑉𝑅𝑇 ,  (5) 
where the cost of using VRT ($ ha−1) is on the left-hand side and three sources of potential cash 
inflows to offset the cost are on the right-hand side, i.e., higher yields, N savings, and incentive 
payments. If 𝐶𝑉𝑅𝑇 is less than the cash flows on the right-hand side, VRT is profitable; 
otherwise, not.  
Based on the implications drawn from Equation 5, changes in yields and N rates are the 
driving factors influencing technology profitability holding lint cotton and N prices constant. 
Changes in net returns and N use efficiency due to changes in yields and N rates with the 
adoption of VRT are of interest to the farmer. Given that crop production is affected by 
managerial and growing environment factors such soils and weather (Bullock and Bullock 1994; 
Isik and Khanna 2003; Lowenberg-DeBoer 1999; Whelan and McBratney 2000; Zhang, Wang, 
and Wang 2002), yield for the N fertilizer management decision can be written as a function of 
crop management and exogenous environment factors:    
𝑌𝑎,𝑑 = 𝑓(𝑁𝑑, 𝑍𝑑 , 𝑊𝑑, 𝑆𝑑, 𝑂𝑑),        (6)  
where Y is yield (kg ha−1) , a is the N fertilizer management strategy (FP or VRT), d is a sub-
field area (e.g., management zone) within a field used to apply N at the rate (kg ha−1) determined 
by management strategy a, Z is a vector of other crop inputs applied by the farmer, W is a vector 
of weather parameters such as precipitation and temperature, S is a vector of farm field soil 
properties and landscape characteristics, and O is a vector of other random factors affecting 
 16 
production such as pests. The N management decision can be written as a function of the 
previously mentioned exogenous environmental factors: 
 𝑁𝑎,𝑑 = 𝑔(𝑍𝑑 , 𝑊𝑑, 𝑆𝑑 , 𝑂𝑑).         (7) 
Average yields and N rates at the field level for the FP and VRT N management strategies are: 
 𝑌𝐹𝑃 = ∑ 𝑌𝑑,𝐹𝑃 𝐷⁄
𝐷
𝑑=1 ,   and 𝑁𝐹𝑃 = ∑ 𝑁𝑑,𝐹𝑃 𝐷⁄
𝐷
𝑑=1 , and    (8) 
  𝑌𝑉𝑅𝑇 = ∑ 𝑌𝑑,𝑉𝑅𝑇 𝐷⁄
𝐷
𝑑=1 ,   and 𝑁𝑉𝑅𝑇 = ∑ 𝑁𝑑,𝑉𝑅𝑇 𝐷⁄
𝐷
𝑑=1 ,    (9) 
where D is the total number of management zones in the field as indicated by the N management 
studies.  
In this thesis, the effects of optical sensing and VRT on average yields, N rates, and net 
returns relative to the FP are evaluated at the field level. In addition, the effects of exogenous 
weather, soil properties, and landscape characteristics on differences in yields, N rates, and net 
returns for VRT versus the FP are evaluated at the sub-field level.   
N Production Use Efficiency 
VRT NUE has been measured in several ways, most of which comprise a zero-N applied plot 
(omission plot) or N-rich plot for comparison purposes. Butchee et al. (2011) found the N rate 
using the NUE factor: 𝑁 𝑟𝑎𝑡𝑒 = {(𝑌𝑃𝑂 ×  𝑅𝐼) − 𝑌𝑃𝑂}  ×  %𝑔𝑟𝑎𝑖𝑛 𝑁 ×  𝑁𝑈𝐸 𝑓𝑎𝑐𝑡𝑜𝑟, where 
YPO represents the yield potential for zero N, RI represents response index measured by a sensor 
based N-rate calculator, and the grain is winter wheat. Cassman et al. (1998) and Cassman et al. 
(1996) employed partial factor productivity (PFP) as a measure of nutrient-use efficiency: 
𝑃𝐹𝑃 =
(𝑌0+∆𝑌)
𝑁𝑡
 where 𝑌0 is the yield from a N omission plot, ∆Y represents the change in yields 
from zero-N applied, and 𝑁𝑡 is the N rate applied per treatment (t). Raun et al. (2002) measured 
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NUE by subtracting N removed (grain yield times total N) in the grain in zero-N plots from that 
found in plots receiving added N, divided by the rate of N applied. 
A nitrogen production use (NPU) efficiency is used here to measure N use by 
normalizing the yield for a given technology (Y) by dividing by the corresponding N rate applied 
(N) such that:  
𝑁𝑃𝑈𝑎 =
𝑌𝑎
𝑁𝑎
,          (10) 
where a is N management strategy used (VRT or FP). This variable is a proxy for the 
environmental benefits from using VRT. The effects of VRT on average NPU relative to the FP 
are evaluated at the field level. In addition, the effects of exogenous weather, soil properties, and 
landscape characteristics on differences in NPU for VRT versus the FP is evaluated at the sub-
field level.   
Risk Management Benefits 
Besides expected profit, farmers may be interested in the potential risk management benefits of 
VRT fertilizer management. Assuming farmers are risk-averse, the potential for yields and net 
returns to fall below a target value is a main concern; i.e., farmers are particularly concerned 
about reducing the probability of yields and NR in the lower tail of the probability distribution 
(Binswanger 1981; Selley 1984; Antle 1987; Lowenberg-DeBoer 1999; Chavas 2004). Physical 
soil properties (e.g., soil organic matter content and depth) and topography (e.g., slope and 
elevation) of farm fields that can limit yields remain relatively fixed over time (Larson, Roberts, 
and English 2002). One potential risk management benefit of VRT is reducing the variability of 
growing environment factors across a field, making the field more homogenous (Lowenberg-
DeBoer and Swinton 1997). Another potential risk management benefit may come from reducing 
 18 
the field average temporal yield variability across soil types under VRT compared to applying 
the same rate of inputs across the farm field (Larson, Roberts, and English 2002).   
 Stochastic dominance and lower partial moment criteria can be useful for evaluating the 
risk management benefits of optimal sensing and VRT fertilizer management. The risk-neutral 
farmer will choose the treatment that produces the highest mean net return. The decision cannot 
solely be made on mean net returns when there is a level of risk involved. Stochastic dominance 
is a helpful tool in evaluating the decision between random variables (Post and Kopa 2013; 
Dhompongsa, Nguyen, and Sriboonchita 2010). When making a decision between VRT and FP, 
for instance, first degree stochastic dominance states that VRT would dominate FP if 
𝐹𝑉𝑅𝑇(𝑁𝑅) ≤ 𝐹𝐹𝑃(𝑁𝑅) for all observations (𝜋) where 𝐹𝑉𝑅𝑇(𝑁𝑅) is some function of VRT and 
𝐹𝐹𝑃(𝑁𝑅) represents a function of FP (Dhompongsa, Nguyen, and Sriboonchita 2010), here 
cumulative distribution functions.  
Lower partial moment measures the downside risk, i.e., yields, N rates, net returns, and 
NPU that fall below a target level (Fishburn 1977): 
 𝐿𝑃𝑀𝑛 =
1
𝑚
∑ 𝑀𝑎𝑥[0, 𝑌𝐹𝑃,𝑖 − 𝑌𝑉𝑅𝑇,𝑖)]
𝑛𝑚
𝑖=1 ,       (11) 
𝐿𝑃𝑀𝑛 =
1
𝑚
∑ 𝑀𝑎𝑥[0, 𝑁𝑉𝑅𝑇,𝑖 − 𝑁𝐹𝑃,𝑖)]
𝑛𝑚
𝑖=1 ,      (12) 
 𝐿𝑃𝑀𝑛 =
1
𝑚
∑ 𝑀𝑎𝑥[0, 𝑁𝑅𝐹𝑃,𝑖 − 𝑁𝑅𝑉𝑅𝑇,𝑖)]
𝑛𝑚
𝑖=1 ,      (13) 
𝐿𝑃𝑀𝑛 =
1
𝑚
∑ 𝑀𝑎𝑥[0, 𝑁𝑃𝑈𝐹𝑃,𝑖 − 𝑁𝑃𝑈𝑉𝑅𝑇,𝑖)]
𝑛𝑚
𝑖=1      (14) 
where LPM is the lower partial moment, m is the number of observations (i), FP, VRT, Y, N, NR, 
and NPU were defined previously, and n is the degree of the moment. The classifications of the 
degree of the moment (n) are n = 0 is the probability of a loss, n = 1 is the target shortfall, n = 2 
is the target semi-variance, and n = 3 is the target skewness. The probability of a loss, where n = 
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0, provides the probability of VRT yields, net returns, and N use efficiency being lower than the 
current FP.  
Hypothesis Testing 
Given the potential effects of optical sensing and VRT on crop yields, N rates, net returns, NPUs, 
and crop risk management, the three hypotheses that are tested in this study are: 
1. Optical sensing and VRT treatments versus the FP: The null hypothesis is that using 
optical sensing and VRT for N management do not generate yields, N rates, NPU, and net 
returns that are different from FP yields, N rates, net returns, and NPUs. The alternate 
hypothesis is that the aforementioned factors differ with N management using optical sensing 
and VRT when compared with the FP.  
2. Weather, soil, and landscape characteristic effects on optical sensing and VRT versus 
FP: The null hypothesis is that yields, N rates, net returns, and NPUs from N management 
using optical sensing and VRT relative to the FP are not influenced by weather and farm field 
soil and landscape characteristics. The alternative hypothesis is that weather and farm field 
soil properties and landscape characteristics influence differences in the aforementioned 
factors when using optical sensing and VRT as compared with the FP. 
3. Risk management benefits of optical sensing and VRT: The null hypothesis is that optical 
sensing and VRT do not provide a higher (lower for N rates) probability of yields, N rates, 
net returns and NPU being in the lower tail compared to the respective FP yields and net 
returns as influenced by weather and farm field soil properties and landscape characteristics. 
The alternative hypothesis is that optical sensing and VRT do provide a higher (lower for N 
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rates) probability of yields, N rates, net returns and NPU above FP yields and net returns as 
influenced by weather and farm field soil properties and landscape characteristics.  
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CHAPTER IV: DATA AND METHODOLOGY 
Data 
Twenty-nine cotton N fertilizer field experiments were conducted from 2011 to 2014 in 
Tennessee, Mississippi, Louisiana, and Missouri. Ten of the trials occurred in Tennessee, four in 
Mississippi, nine in Louisiana, and six in Missouri. The county/parish locations of the farmer 
fields in each state that were used in the study are presented in Figure 1. The trials tested FP N 
application versus two VRT N applications on each cotton field. Each EQIP eligible farmer 
planted cotton across nine strip-plots (referred to as plot for the remainder of this paper) 
containing 10 sub-plots each that measure roughly 30.5 meters by 11.6 meters with the exception 
of Missouri where the data was collected by plot, Figure 2.  
The experiment was planned as a randomized complete block design with three N 
fertilizer treatments and three replications. The FP treatment (1) was a uniform-rate N 
application based on the farmer’s current practice. Treatment 2 was a VRT N application 
calculated using the normalized difference vegetation index (NDVI) via canopy optical-sensing 
with the Greenseeker™ RT200 Data Collection and Mapping System (NTech Industries, Inc., 
CA). Treatment 3 was a VRT N application based on actual NDVI readings via canopy optical-
sensing with the Greenseeker™ RT200 Data Collection and Mapping System but adjusted based 
on any combination of historical yield productivity zones, soil imagery, and/or aerial imagery of 
mid-season crop health. A uniform blanket rate ranging from 33.6 to 78.4 kg N ha−1 was applied 
at (or before) planting to the entire field (covering all three treatment areas) depending on the 
experiment. Each location provided lint yields harvested, N rates applied, type of N fertilizer 
used, and latitude and longitudes at the sub-plot level for every participating year. Table 2 
includes the average N rate, lint yield, NPU, and net returns by location and year.  
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To evaluate the net returns inequality in Equation 5, price data, information costs, and 
application costs were used. Price and budget data are in real 2013 dollars ($), referred to as real 
dollars, and were indexed using the Bureau of Economic Analysis annual Gross Domestic 
Product Price Deflator Index (U.S. Department of Commerce 2014). Price data included national 
average marketing year (August 1-July 31) cotton lint prices received, marketing years 2011 
through 2014 (USDA 2014a), adjusted to real $ kg−1, $1.84 kg−1 in 2014. National prices paid for 
N fertilizer urea (32% N) were collected for 2011 through 2014 marketing years (USDA 2014d), 
adjusted to real $ kg−1, $0.91 kg−1 in 2014. EQIP cost-share payment rates were collected for 
each of the four states in the experiments for the precision nutrient management payment code 
590 for 2011 through 2014 adjusted to real $ ha−1. Payments for 2014 included $68.21 ha−1 in 
Mississippi, $68.46 ha−1 in Louisiana, $65.85 ha−1 in Tennessee, and $32.64 ha−1 in Missouri 
(personal communication with Patricia Turman, Tennessee State Agronomist, 2014, Chris 
Coreil, Louisiana NRCS Conservation Agronomist, 2014, and Jodie Reisner, Missouri NRCS 
Conservation Agronomist, 2014; USDA 2014c).   
Information and application costs (IAC), including equipment/technology, labor, and 
other costs, were estimated using partial budgeting methods (Larson et al. 2005) as demonstrated 
in Equations 4 and 5, Table 3. Two budgets were developed to account for information and 
application costs: 1) for Greenseeker™ technology (treatment 2) and 2) for Greenseeker™ plus 
yield monitor information systems (YMIS) (treatment 3). Greenseeker™ was assumed to be 
retrofitted to an existing boom sprayer measuring 24.7 meters wide and the YMIS was assumed 
to be retrofitted to an existing 6-row cotton picker measuring 5.8 meters wide. Ownership costs 
(OC) of equipment/technology for inclusion in IAC for treatments 2 and 3 were estimated using 
the standards of the American Society of Agricultural and Biological Engineers (ASABE) 
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(ASABE 2011) similar to Biermacher et al. (2009a), the Agricultural and Applied Economics 
Association (AAEA) Commodity Costs and Returns Estimation Handbook (AAEA 2000), and 
equipment costs calculation techniques (Boehlje and Eidman 1984). OC were estimated in Table 
3 using the equation: 
𝑂𝐶𝑖 = [𝐶𝑅𝑖 + 𝑇𝐼𝐻𝑖 + 𝑅𝑀𝑖] ∗ 𝐻𝑖,        (15) 
where ownership costs ($ ha−1) by treatment (i = 2 or 3) were composed of hourly capital 
recovery (𝐶𝑅𝑖) by treatment ($ hour
−1), hourly taxes, insurance, and housing (𝑇𝐼𝐻𝑖) by treatment 
($ hour−1), hourly repairs and maintenance (𝑅𝑀𝑖) by treatment ($ hour
−1), and hours ha−1 (𝐻𝑖) by 
treatment. For Greenseeker™, the useful life was assumed to be 5 years or 1500 hours 
(Gandonou et al. 2006) and the yield monitor information system assumed a useful life of 5 years 
or 3000 hours (Gandonou et al. 2006; Biermacher et al. 2009a), Table 3. Total Greenseeker™ 
OC was multiplied by 1.02 to account for calibration using N rich strips (Biermacher et al. 
2009a). Information and application cost (real $ ha−1) for treatment 2 in 2014 was $2.32 ha−1. 
Information and application costs for treatment 3 included the estimated OC for 
Greenseeker™, estimated OC for yield monitor information system, the cost of a computer, and 
a consulting fee for technical advice ($ ha−1), Table 3. The computer was assumed 100% use for 
the yield monitor system, GPS signal was assumed to be free, and a $687.08 (2013 real dollars) 
custom installation fee for retrofitting each technology to existing machinery was assumed for 
both Greenseeker™ and the yield monitor system (Larson et al. 2005; Gandonou et al. 2006). 
Computer list price costs were an average of costs for a desktop computer with 8GB memory, 
1TB hard drive, and 21" to 23" screen (informal internet survey 2014). In partial budgeting, if 
information costs were not available ha−1 (such as the cost of a computer), costs were spread 
across the size of a field (Swinton and Lowenberg-DeBoer 1998). Here, the cost of a computer 
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was allocated across the size of a cotton enterprise in each state (USDA 2012), Table 3. The 
consulting fee was included due the necessary technical assistance to correctly implement and 
interpret the technology (McBratney, Whelan, and Ancev 2005). To account for such assistance, 
an average of 2009 cotton technical advice fees including yield monitor, grid soil sampling, zone 
soil sampling, and soil survey map fees (Mooney et al. 2010) was normalized to real 2013 
dollars, $12.63 ha−1 and added to all years of applicable data. Costs for treatment 3 were $18.00 
ha−1 in Tennessee, $18.06 ha−1 in Mississippi, $18.12 ha−1 in Louisiana, and $17.94 ha−1 in 
Missouri. The 2011, 2012, 2013, and 2014 partial budgets were in real 2013 dollars, 2013 budget 
example in Table 3. 
VRT requires more skilled labor to correctly interpret the technology and compute 
appropriate N rates. Thus, labor costs for VRT treatments were estimated using custom rate 
surveys produced by their respective agricultural extension offices (Bowling 2013; Mississippi 
State University Extension Services 2013; University of Missouri Extension 2012). The 2013 
precision fertilizer application labor cost was determined by taking the difference between 
precision fertilizer application in Tennessee and the average dry bulk fertilizer application in 
Tennessee, Missouri, and Mississippi2 (precision fertilizer application such as VRT costs $6.60 
more ha−1 in labor to apply dry bulk than FP). The 2013 labor costs were applied to all years of 
data, 2011-2014. Application costs as well as the other pieces to Equation 5 are included in a 
partial net returns summary in Table 4. 
                                            
 
 
 
2 Tennessee, Mississippi, and Missouri rates were averaged and applied to all locations because Louisiana State 
University extension office does not produce a custom rate survey. 
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For each location-year, soil and climate characteristics were collected to determine 
differences within and between fields (variable names, definitions, and units can be found in 
Table 5). Soil water holding capacity, organic matter, soil texture, soil depth, field slope, and soil 
erosion factors were collected from the SSURGO database (USDA 2014f) at the center point of 
each sub-plot (plot for Missouri locations) using ArcGIS 10.1. A soil erosion index (SEI) was 
estimated using a modified universal soil loss equation to account for the physical factors of the 
fields: 
𝑆𝐸𝐼 =
𝐾𝐹∗𝐿𝑆∗𝑅
𝑇𝐹
,         (15) 
where KF is erodibility factor due to water (USDA 2014f) , LS is a soil length (L) and slope 
steepness (S) factor, calculated as 𝐿𝑆 = (0.065 + 0.0456 ∗ 𝑆 + 0.006541 ∗  𝑆2) at the standard 
slope length of 22.1 meters (Stone and Hilborn 2012) and percent slope steepness (S) (USDA 
2014f). R is the rainfall and runoff factor from USDA RUSLE2 version 2.5.2.11 (2014), and TF 
is a soil tolerance factor (USDA 2014f). Soil texture percent sand, silt, and clay from SSURGO 
(USDA 2014f) were used to find the general soil texture name via the USDA soil texture 
calculator (USDA 2014e). Textures were then narrowed down to four major soil textures and 
ranked by coarseness: clay (finest), silt, loam, and sand (coarsest). Field elevation was collected 
from the National Elevation Dataset (U.S. Geology Survey 2014). Climate was measured by 
temperature (PRISM 2014) as seasonal growing degree days (April 1 through October 31) 
(Larson, Roberts, and Gwathmey 2007; Wright, Sprenkel, and Marois 2011). To calculate 
seasonal growing degree days, the daily average temperature minus 15.6 degrees Celsius was 
summed over April 1 through October 31 per location-year if the daily calculation was greater 
than zero. Mean farm soil and climate characteristics are presented in Table 6.  
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Methodology 
In addition to soil and weather fixed effects, Equations 16-19 included random variables based 
on the Schabenberger and Pierce (2002) on-farm experimentation model. Due to the 
experimental design, Equations 20-23 and 28-31 were each treated like as a meta-analysis similar 
to Tolliver et al. (2012).  
Treatment Effects 
The farmer’s decision to change his N application technology from FP to VRT is measured by 
evaluating two aspects of the production decision: 1) net returns per location-year by treatment 
as driven by yields and N rates and 2) the NPU efficiency.  
The following models are estimated with an (ANOVA) using SAS 9.2 (SAS Institute Inc. 
2014): 
𝑌𝑖𝑗𝑘𝑡𝑑 =  
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜏𝑖 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 +  𝜃𝑘𝑗𝑖𝑑 +
𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 + 𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜀𝑖𝑗𝑘𝑡,  
(16) 
𝑁𝑖𝑗𝑘𝑡𝑑 = 
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜏𝑖 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 +  𝜃𝑘𝑗𝑖𝑑 +
𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 + 𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜀𝑖𝑗𝑘𝑡,   
(17) 
𝑁𝑅𝑖𝑗𝑘𝑡𝑑 = 
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜏𝑖 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 +  𝜃𝑘𝑗𝑖𝑑 +
𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 + 𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜀𝑖𝑗𝑘𝑡,  
(18) 
𝑁𝑃𝑈𝑖𝑗𝑘𝑡𝑑 = (19) 
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𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜏𝑖 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 +  𝜃𝑘𝑗𝑖𝑑 +
𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 + 𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜀𝑖𝑗𝑘𝑡.    
The following is true for all models included for the remainder of this thesis: 
 Dependent Variables: 
   𝑌𝑖𝑗𝑘𝑡𝑑 is cotton lint yield (kg ha
−1),  
𝑁𝑖𝑗𝑘𝑡𝑑 is N rate applied (kg ha
−1), 
𝑁𝑅𝑖𝑗𝑘𝑡𝑑 is net returns ($ ha
−1), 
𝑁𝑃𝑈𝑖𝑗𝑘𝑡𝑑 is NPU efficiency, 
Explanatory Variables: 
𝜇 is the overall mean, 
 Random Effects: 
𝛿𝑡 is the effect of the t
th year (t=2011, 2012, 2013, 2014), 
𝜆𝑘 is the effect of the k
th farm location (k=1,…,21), 
𝜌(𝑗)𝑘 is the j
th replication (or block) effect nested within kth farm, 
(𝜆𝜏)𝑖𝑘 is the effect of the interaction between the k
th farm and the ith treatment, 
Fixed Effects: 
𝜏𝑖 is the effect of the i
th treatment (i=1, 2, 3),𝜔𝑘𝑗𝑖𝑑 is effect of water holding 
capacity (cm cm−1) by kth farm, jth replication, ith treatment, and dth sub-
plot, 
𝜃𝑘𝑗𝑖𝑑 is effect of organic matter (%) by k
th farm, jth replication, ith treatment, and 
dth sub-plot, 
𝛾𝑘𝑗𝑖𝑑 is the effect of soil erosion index by k
th farm, jth replication, ith treatment, 
and dth sub-plot, 
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 𝜑𝑘𝑗𝑖𝑑 is the effect of soil depth (cm) by k
th farm, jth replication, ith treatment, and 
dth sub-plot,  
𝛽𝑘𝑗𝑖𝑑 is the effect of soil texture by k
th farm, jth replication, ith treatment, and dth 
sub-plot, 
𝜓𝑘𝑗𝑖𝑑 is the effect of elevation (meters) by k
th farm, jth replication, ith treatment, 
and dth sub-plot, 
𝜒𝑘𝑡 is the effect of seasonal growing degree days by k
th farm and tth year, 
𝜀𝑖𝑗𝑘𝑡𝑑 is the random error associated with the k
th farm, jth replication, ith treatment, tth 
year, and dth sub-plot, 
𝛿𝑡~𝑖𝑖𝑑(0, 𝜎𝛿
2) (iid refers to independent and identical distribution), 
𝜆𝑘~𝑖𝑖𝑑(0, 𝜎𝜆
2),  
𝜌(𝑗)𝑘~𝑖𝑖𝑑(0, 𝜎𝜌
2), 
(𝜆𝜏)𝑖𝑘~𝑖𝑖𝑑(0, 𝜎𝜆𝜏
2 ), 
𝜀𝑖𝑗𝑘𝑡~𝑖𝑖𝑑(0, 𝜎𝜀
2).  
The fixed effects are N treatment, soil attributes, and weather, and the random effects are 
location, year, replication nested in location, and location-treatment interaction.  Location was 
hypothesized to have a significant effect on the dependent variables because every farm was 
physically different from the next, time in years because the data spans more than one year, 
treatment because the treatments differ within a farm and between farms, and effects that are 
within the same farm due to the physical difference between sub-plots from farm to farm. The 
location-treatment interaction term was expected to be significant but to mask the treatment 
differences.  
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The null hypothesis for Equation 16 is that expected lint yields from the VRT N 
application treatments (i = 2 or 3) per trial will be equal to the expected lint yields from the FP 
trials was tested in Equation 16. Alternatively, expected VRT lint yields will be greater than 
expected FP lint yields.  
 VRT N applications were expected to reduce N use compared to FP. In the special case 
that the yields are not significantly different across treatments per location-year, revenues (price 
of cotton times lint yield) will no longer be a factor in net revenues, Equations 1 and 2. The cost 
side of the equation becomes the driver, as seen in Equation 5. The null hypothesis that VRT by 
treatment generated no additional N use savings compared to FP, was tested in Equation 17. 
Alternatively, expected N applied using FP is greater than expected N applied using VRT 
application. 
 If yields were not significantly different across treatments per location, N applied was the 
driving factor. In this case, net returns can be estimated in a similar way to Equations 4 and 5. 
The null hypothesis that expected net returns from VRT N applications by treatment were the 
same as expected net returns from FP N application was tested in Equation 18. Alternatively, 
expected net returns from VRT N applications were greater than expected net returns from FP 
application.  
N rate was also the driver in N use efficiency if yields did not differ. For the same cotton 
lint yield, a lower N rate would increase the NPU efficiency. The null hypothesis that the 
expected NPU for VRT N application treatments were equal to expected NPU efficiency for the 
FP treatment was tested using Model 4. Alternatively, expected NPU efficiency for VRT N 
application was expected to be greater than NPU for FP N application.  
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Equations 16, 17, 18, and 19 were first estimated with only treatment as the explanatory 
variable and again with added soil and weather characteristics. The better fitting models were 
chosen based on the Akaike information criterion (AIC) and Bayesian information criterion 
(BIC). Multicollinearity was checked by estimating the variance inflation factor (VIF) using SAS 
9.2. The Satterthwaite approximation was used to deal with degrees of freedom. 
To determine if the treatments produced significantly different lint yields, N rates, net 
returns, and NPUs, Dunnett’s tests were estimated using SAS 9.2 for Equations 16-19 (Littell et 
al. 2006). This two-tailed test is useful because multiple treatments can simultaneously be 
compared to one control while holding the familywise error rate at or below alpha; here, if VRT 
treatment 2 is significantly different than FP (control) and if VRT treatment 3 is significantly 
different than FP. This test performs multiple comparisons while holding the familywise error 
rate at or below an alpha level. 
Because the interaction term is random, contrasts between farms were estimated via best 
linear unbiased predictions using SAS 9.2 for Equations 16-19 to measure the treatment effect at 
the farm level (Schabenberger and Pierce 2002; Littell et al. 2006). Both VRT treatments were 
measured separately against FP to see if technology outperformed the current practice. The null 
hypothesis is that VRT treatments do not differ from FP at the farm level. Alternatively, 
treatments do differ at the farm level. A Bonferroni correction is a conservative way to handle 
multiple comparisons and deal with the familywise error rate. Because there are 21 farms, there 
are 21 separate hypotheses to test for VRT treatment 2 versus FP and VRT treatment 3 versus 
FP. At a 10% confidence level, the Bonferroni correction is calculated as 𝛼 =  
0.10
21
= 0.0047. 
Alpha becomes 0.0047 for each hypothesis; at the field level.  
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Soil, Landscape, and Weather Impacts on Mean Treatment Differences 
The soil and climate impacts on mean differences were evaluated by estimating a mixed model 
ANOVA using SAS 9.2. The mean difference models are: 
𝑌Δ𝑖𝑗𝑘𝑡𝑑 =  
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 + 𝜃𝑘𝑗𝑖𝑑 + 𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 +
𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜈𝑖 + 𝜀𝑖𝑗𝑘𝑡  
(20) 
𝑁Δ𝑖𝑗𝑘𝑡𝑑 = 
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 + 𝜃𝑘𝑗𝑖𝑑 + 𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 +
𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜈𝑖 + 𝜀𝑖𝑗𝑘𝑡   
(21) 
𝑁𝑅Δ𝑖𝑗𝑘𝑡𝑑 = 
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 + 𝜃𝑘𝑗𝑖𝑑 + 𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 +
𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜈𝑖 + 𝜀𝑖𝑗𝑘𝑡   
(22) 
𝑁𝑃𝑈Δ𝑖𝑗𝑘𝑡𝑑 = 
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 + 𝜃𝑘𝑗𝑖𝑑 + 𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 +
𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜈𝑖 + 𝜀𝑖𝑗𝑘𝑡    
(23) 
where 𝜈𝑖 is a dummy variable by treatment (i); if N management strategy treatment 3 was used in 
that sub-plot (d), then 1; otherwise, 0. Refer to Equations 16-19 for all other explanatory 
variables. The dependent variable was defined as the difference between VRT and FP in terms of 
yields, N rates, NR, and NPU: 
𝑌Δ𝑑𝑖𝑗𝑘𝑡 = 𝑌𝑉𝑅𝑇𝑖 − 𝑌𝐹𝑃        (24) 
𝑁Δ𝑑𝑖𝑗𝑘𝑡 = 𝑁𝑉𝑅𝑇𝑖 − 𝑁𝐹𝑃        (25) 
𝑁𝑅Δ𝑑𝑖𝑗𝑘𝑡 = 𝑁𝑅𝑉𝑅𝑇𝑖 − 𝑁𝑅𝐹𝑃        (26) 
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𝑁𝑃𝑈Δ𝑑𝑖𝑗𝑘𝑡 = 𝑁𝑃𝑈𝑉𝑅𝑇𝑖 − 𝑁𝑃𝑈𝐹𝑃       (27) 
where YΔ is the mean difference in cotton lint yields (kg ha−1), NΔ represents the mean 
difference in total N rates (kg ha−1), NRΔ is the mean difference in net returns ($ ha−1), and 
NPUΔ is the mean difference in NPU efficiencies, each between VRT technology treatment 2 or 
3 and FP by the dth sub-plot, ith treatment, jth replication, kth location, and tth year. 
The manner in which Equations 20-23 were estimated did not take the FP sub-plot soil 
explanatory variables into consideration. If the soil characteristics differ from the optical sensing 
and VRT treatment sub-plots, the integrity of the model may be compromised and what is being 
measured may not be accurate. To account for this, Equations 20-23 were estimated using a 
restructured database where a balanced set of replicates for the FP and VRT treatments were 
used. For example, if the soil texture differed across field 1, replication 1, and sub-plot 1 in 
treatment 2 versus sub-plot 1 in treatment 1, Figure 1, then the observation was omitted from the 
dataset; if not, the original observation was used. The models in Equations 20-23 were estimated 
using the original and restructured datasets and the outputs were evaluated using AIC and BIC 
statistics to choose the better fitting model.  The number of observations omitted ranged from 42 
to 105 depending on the variable.  
The models were checked for multicollinearity by estimating a regression using SAS 9.2 
(PROC REG) and the VIFs. The random effects listed for Equations 16-19 apply here as well. 
Models in Equations 20-23 tested the null hypotheses that mean yields, N rates, net 
returns, and NPUs do not differ between VRT N management strategies and FP due to variability 
in soils characteristics and climate. Alternatively, soils and climate do generate differences using 
optical sensing and VRT when compared to FP. 
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Risk Management Benefits 
First degree stochastic dominance of N management treatments was evaluated using the 
cumulative probability distributions of each treatment. The distributions were calculated by 
ordering the yields, N rates, NRs, and NPUs from lowest to highest by treatment. The histogram 
feature in Microsoft Office Excel 2010 was then used to count the number of observations in 
each pre-determined bin category for every treatment which were used to calculate the respective 
cumulative probability distributions.  
The Kolmogorov-Smirnov (KS) test is a nonparametric test based on the empirical 
cumulative distribution function and can be used to compare two distributions. The KS statistic 
D represents the goodness of fit and is based on the vertical difference between the two 
cumulative probability distributions (Chakravarti, Laha, and Roy 1967). The KS test was 
estimated using SAS 9.2 as a supplement to the first degree stochastic dominance results due to 
the criteria that at least one point has to be to the right to show dominance (all others could be 
equal). The null hypotheses for the KS tests are that the treatment distributions are similar. 
Risk management benefits were also assessed using the lower partial moment to evaluate 
how soil and weather factors affected the probability of the outcomes from the optical sensing 
and VRT N management treatments being different from the FP N management. The probability 
of a loss, n = 0, Equations 11-14, was measured using a mixed logistic model, and estimated 
using SAS 9.2: 
𝑌𝑝𝑟𝑜𝑏𝑖𝑗𝑘𝑡𝑑 =  
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 + 𝜃𝑘𝑗𝑖𝑑 + 𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 +
𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜈𝑖 + 𝜀𝑖𝑗𝑘𝑡  
(28) 
𝑁𝑝𝑟𝑜𝑏𝑖𝑗𝑘𝑡𝑑 = (29) 
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𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 + 𝜃𝑘𝑗𝑖𝑑 + 𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 +
𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜈𝑖 + 𝜀𝑖𝑗𝑘𝑡   
𝑁𝑅𝑝𝑟𝑜𝑏𝑖𝑗𝑘𝑡𝑑 = 
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 + 𝜃𝑘𝑗𝑖𝑑 + 𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 +
𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜈𝑖 + 𝜀𝑖𝑗𝑘𝑡   
(30) 
𝑁𝑃𝑈𝑝𝑟𝑜𝑏𝑖𝑗𝑘𝑡𝑑 = 
𝜇 + 𝛿𝑡 + 𝜆𝑘 + 𝜌(𝑗)𝑘 + (𝜆𝜏)𝑖𝑘 + 𝜔𝑘𝑗𝑖𝑑 + 𝜃𝑘𝑗𝑖𝑑 + 𝛾𝑘𝑗𝑖𝑑 + 𝜑𝑘𝑗𝑖𝑑 +
𝛽𝑘𝑗𝑖𝑑 + 𝜓𝑘𝑗𝑖𝑑 + 𝜒𝑘𝑡 + 𝜈𝑖 + 𝜀𝑖𝑗𝑘𝑡   
(31) 
where Yprob is the estimated probability of a VRT treatment producing lower yields than FP, 
Nprob is the estimated probability of the VRT treatment calculating higher N rates than FP, 
NRprob is the probability of VRT net returns being lower than FP, and the NPUprob is the 
probability of VRT treatments calculating lower NPUs than FP. The binary dependent variables 
are defined in Table 5 as: 
If 𝑌𝑉𝑅𝑇 − 𝑌𝐹𝑃 < 0, then 𝑌𝑝𝑟𝑜𝑏 = 1; else, 𝑌𝑝𝑟𝑜𝑏 = 0;    (32) 
If 𝑁𝑉𝑅𝑇 − 𝑁𝐹𝑃 > 0, then 𝑁𝑝𝑟𝑜𝑏 = 1; else, 𝑁𝑝𝑟𝑜𝑏 = 0;    (33) 
If 𝑁𝑅𝑉𝑅𝑇 − 𝑁𝑅𝐹𝑃 < 0, then 𝑁𝑅𝑝𝑟𝑜𝑏 = 1; else, 𝑁𝑅𝑝𝑟𝑜𝑏 = 0;   (34) 
If 𝑁𝑃𝑈𝑉𝑅𝑇 − 𝑁𝑃𝑈𝐹𝑃 < 0, then 𝑁𝑃𝑈𝑝𝑟𝑜𝑏 = 1; else, 𝑁𝑃𝑈𝑝𝑟𝑜𝑏 = 0;  (35) 
where 𝑌𝑉𝑅𝑇 is the VRT yield, 𝑌𝐹𝑃 is the current practice yield, 𝑁𝑉𝑅𝑇 is the VRT N rate 
applied, 𝑁𝐹𝑃 is the current practice N rate applied, 𝑁𝑅𝑉𝑅𝑇 is the VRT net return, 𝑁𝑅𝐹𝑃 is the 
current practice net return, 𝑁𝑃𝑈𝑉𝑅𝑇 is the VRT N use efficiency, and 𝑁𝑃𝑈𝐹𝑃 is the current 
practice N use efficiency. If VRT lint yields, net returns, or NPU by treatment (i), replication (j), 
farm (k), year (t), and sub-plot (d) were less than the respective FP value, the dependent variable 
was represented by a 1; otherwise, 0. N rates applied were represented by a 1 if the VRT value 
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was greater than FP; otherwise 0.  Equations 28-31 were estimated using the restructured 
database. Multicollinearity was checked for the models by estimating the VIF using SAS 9.2. 
The random variables for these models are specified for Equations 16-19. 
A proxy for the estimated marginal probability for each explanatory variable was 
calculated using the respective odds ratio parameter estimates from SAS 9.2 code ODDSRATIO. 
The proxy formula used was 100 ∗ [𝑒𝑥𝑝(𝑂𝑅) − 1] where 𝑒𝑥𝑝 is the exponential and 𝑂𝑅 is the 
odds ratio parameter estimate.  
Odds ratios were estimated at the restructured database means of the significant variables 
using the following equation: 
𝑂𝐷𝐷𝑠 = exp [𝜂0̂ + 𝜂1̂𝑋1 + 𝜂2̂𝑋2 + ⋯ + 𝜂?̂?𝑋𝑒]     (36) 
where ODDs is the yield, N rate, net return, or NPU odds ratio, exp represents exponential, ?̂? 
represents the expected coefficient, X is the significant explanatory variable, and e  is the  last 
significant explanatory variable for that odds ratio. The odds ratios estimates are used to predict 
the probability of downside risk, measured by: 
𝑉𝑅𝑇𝑝𝑟𝑜𝑏(𝑎 = 1) =
𝑂𝐷𝐷𝑠
1+𝑂𝐷𝐷𝑠
        (37) 
where VRTprob is the probability of VRT yields, N rates, net returns, or NPU having a higher 
chance of being in the lower tail when compared to FP. 
The null hypotheses for Equations 28-31 are that N management strategy does not 
provide yields, N rates, net returns, and NPUs that differ due to soil properties and temperature. 
Alternatively, soils and temperature do have an effect on yields, N rates, net returns, and NPUs. 
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CHAPTER IV: RESULTS AND DISCUSSION 
Treatment Effects 
Using VIF as a measure of multicollinearity, all variables in Equations 16-19 were under a VIF 
value of five. Equations 16, 17, 18, and 19 were first estimated with only treatment as the 
explanatory variable. The added soil and climate characteristics generated models that were 
better fitting using the Akaike information criterion (AIC) and Bayesian information criterion 
(BIC) best fit criteria without compromising the integrity of the estimation, i.e., the treatment 
effect for each model did not change when soil properties and temperature were added. 
Lint Yields, N Rates, and Net Returns 
The estimated cotton lint yield model, Equation 16, produced a better fitting model based on best 
fit criteria (AIC and BIC), Table 7, than re-estimating the model without the location-treatment 
interaction term (Schabenberger and Pierce 2002). This indicated that the interaction term was 
significant. Neither estimation suggested treatment effects. A contrast comparison of the 
treatments indicated FP lint yields (treatment 1) were not significantly different than VRT 
treatment 2 or 3, Table 8. A Dunnett’s test with the interaction term indicated that treatment 3 
was significantly different than the control (FP) but there were no differences in either VRT 
treatment versus FP with the interaction term, Table 9.  
Soil and climate attributes were significant, Table 10. All else equal, soils with a higher 
percentage of organic matter, greater water holding capacity, coarser soil texture, or deeper soils 
were positively associated with lint yields. Layers of soil below the surface are more fertile, 
carrying more organic matter and N available to the plant (Tiessen, Cuevas, and Chacon 1994), 
and potentially increase yields. Warmer temperatures (i.e., higher growing degree days) were 
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negatively associated with lint yields. Soil texture significantly impacted yields, meaning that 
coarser soils were positively related to yields.  
The mixed model for N rates applied, Equation 17, showed no significant differences 
between treatments but indicated that the variance between farms (𝜎𝜆
2 = 242.33) was 
substantially higher than the variance within farms (𝜎𝜆
2 = 86.83). This means that there was more 
N rate variation between farms than within farms. Model 2 was re-estimated without the 
interaction term to see if any effects were being masked, and a Dunnett’s test indicated that the 
VRT treatment 3 was significantly different from the FP treatment, Table 9. Based on the 
model’s best fit criteria, Table 7, the interaction term was significant to the model.  
Estimates of VRT treatments (2 and 3) versus FP by location revealed masked treatment 
effects. Results demonstrated treatments 2 and 3 had significantly lower N rates applied in 
Lauderdale, TN, Gibson County, TN, and Middle Tensas Parish, LA, using a Bonferroni 
correction of 0.0047. Northern Leflore County, MS, had N rates lower than FP for only treatment 
2. Northern Madison County, TN, and both the northern and southern locations in the Tensas 
Parish, LA, had estimated N rates that were significantly lower using FP than either VRT 
treatment (2 and 3). Adams County, MS, experienced lower N rates with FP than VRT treatment 
3, Table 8.  
The current FP was to apply less N in the locations where FP was significantly lower than 
VRT by respective state. Tennessee and Louisiana fields have less organic matter as a percentage 
of the soil where N rates were lower using FP. This could potentially mean that optical sensing 
of the plant canopy was associated with low organic matter areas in the field and applied more N 
to the soil. Organic matter, however, was not significant to the N rate model, Table 10. Holding 
all else constant, soils that were more erodible or had warmer temperatures were positively 
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associated with N rates. All else equal, more erodible soils or warmer average temperatures had 
more N applied. Warmer temperatures are correlated with less precipitation (Madden and 
Williams 1978) and fields with these conditions may get more wind exposure, erosion, and have 
the potential to lose N applied.  Holding all else constant, fields at higher elevations or with 
coarser soil textures were negatively related to N rates. 
On average, farms requiring significantly higher VRT N rates relative to FP (northern 
Madison County, TN, Adams County, MS, and the northern and southern Tensas Parish 
locations, LA) had lower elevations, had higher SEI, higher percentages of organic matter, 
deeper soils, and warmer temperatures than those that had lower VRT N rates (middle Tensas 
Parish, LA, Gibson and Lauderdale Counties, TN, and northern Leflore County, MS), Table 11. 
Fields with more erodible soils and warmer temperatures likely require more N because they 
have the potential to lose N more easily. Fields requiring significantly lower N rates using VRT 
compared to FP were on average at higher elevations and had lower SEI indexes, lower water 
holding capacity, lower percentage organic matter, shallower soils, and cooler temperatures.  
The net returns Equation 18 estimated with and without the interaction term identified 
significant treatment differences between net returns, Table 12. Estimating the difference 
between treatments by farm, however, indicated no treatment differences at Bonferroni 
correction of 0.0047, Table 8. A Dunnett’s test showed net returns to be different between VRT 
treatment 2 and FP when estimating Equation 18. When re-estimating the model without the 
interaction term, the Dunnett’s test revealed significant differences between VRT treatment 2 
versus the control (FP) and VRT treatment 3 versus control, Table 9.  
All else equal, coarser soil textures, soils with a higher percentage of organic matter, or 
deeper soils were positively associated with net returns. The significant and positive soil texture 
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coefficient estimate indicates that coarser soil textures had a positive effect on net returns. 
Greater water holding capacity was negatively associated with net returns. Ceteris paribus, fields 
with higher percentages of organic matter, coarser soils, or deeper soils had positive associations 
with yields and, in turn, profits. In the same respect, fields at higher elevations or that were 
warmer had negative associations with yields and profits.  
N Production Use Efficiency 
Results from the NPU mixed model, Equation 19, indicated that the treatment means were not 
significantly different, Table 12. The variation between farms (𝜎𝜆
2 = 131.75) was greater than 
within the farms (𝜎𝜆
2= 0.92). Equation 19 was re-estimated without the interaction term to 
determine if farm effects were being masked and results indicated treatment differences, Table 
12. NPU means were significantly different between both VRT treatments and the control FP 
treatment as estimated by the Dunnett’s test, Table 9. The AIC and BIC criteria indicated that the 
original model was a better fit than dropping the interaction term, Table 7. Thus, the interaction 
term was significant to the model but was masking the treatment effect.  
Estimating the mean treatment differences at the farm level resulted in significantly 
higher FP N use efficiency than either of the VRT treatments in northern Madison County, TN, 
and northern Tensas Parish, LA. Adams County, MS, experienced a FP N use efficiency that was 
significantly higher than VRT treatment 3. These three farms experienced more efficient N use 
when determining their own rates than when using VRT. No farms exhibited more efficient N 
use with VRT when compared to FP, Table 8.  
Elevation, water holding capacity, organic matter, soil texture, soil depth, and growing 
degree days had significant effects on NPU, Table 10. Fields at higher elevations, with greater 
water holding capacity, or warmer temperatures, all else equal, were negatively associated with 
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N use efficiency. Fields with a higher percentage of organic matter, coarser soil textures, or 
deeper soils had positive effects on N use efficiency. Soil texture also had a positive association 
with NPU, meaning that coarser soils in reference to sand promoted more efficient use of N. 
Holding all else constant, soils with relatively more organic matter, coarser soils, and deeper 
soils were associated with low enough N rates to increase N efficiency. Ceteris paribus, high 
elevation fields with greater water holding capacity, or warmer average days had a negative 
relationship with N use efficiency. Soils with these conditions may have higher tendencies for 
erosion and, therefore, may require more N applied. 
Soil, Landscape, and Weather Impacts on Mean Treatment Differences 
The VIF test for multicollinearity indicated all factors were under a value of five when estimated 
for equations 20-23. In each case, the model estimated from the restructured database was the 
better fitting model than using the entire database, i.e. had lower AIC and BIC values. 
Lint Yields, N Rates, and Net Returns 
Several soil attributes were statistically significant in the lint yield mean difference model, 
Equation 20 and Table 13. Soils classified as having a silt or loam soil texture relative to sand 
(intercept) were negative in relation to VRT yields when compared to FP. Deeper soils or more 
erodible soils were positively associated with VRT yields relative to FP. Higher temperatures or 
fields at higher elevations had a negative relationship with VRT yields compared to FP. Coarser 
soils, fields at higher elevations, or fields in locations with warmer temperatures were negatively 
associated with VRT yields when compared to FP, all other factors being equal. Thus, VRT may 
not be a good option on fields with these conditions. Soils that have a higher percentage of 
organic matter, deeper soils, and more erodible soils had positive associations with lint yields 
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using VRT compared to FP, all else equal. This could be due to organic matter carrying natural 
N and has nutrients available to the plant (Tiessen, Cuevas, and Chacon 1994). Soils with a 
higher erosion index had a positive association to lint yields potentially because more N was 
applied, Table 13.  
 Many of the soil attributes had a significant impacts on N rate differences between 
technology generated N rates and FP, Equation 21. N rate differences were significantly and 
negatively associated with sand (intercept), silt, or loam soil textures and positively with clay 
when VRT was compared to FP. Finer soils tend to need more N applied due to the lack of 
natural N while coarser soils need less N applied. Greater water holding capacity, more erodible 
soils, and higher growing degree days were positive in relation to VRT N rates. Deeper soils had 
a negative association to VRT N rate compared to FP. All else equal, more N was applied using 
VRT compared to FP on fields with a greater water holding capacity, more erodible soil, or 
warmer temperatures. The estimated VRT treatment 3 dummy variable indicated significantly 
higher N rates, indicating that Greenseeker™ plus YMIS calculated higher mean N rates than FP.  
 While soil attributes had significant impacts on mean differences in lint yields and N 
rates between N management strategies, they had less of an impact on net returns Equation 22. 
Silt soil textures had a negative impact on VRT net returns when compared to FP. As noted 
above, the silt texture also had a negative association to VRT yields and VRT N rates. The N 
rates savings may not have been enough to increase the net return for that soil type, holding all 
else constant. The soil texture reference variable sand, however, experienced positive 
associations with VRT net returns compared to FP, Table 13. A higher percentage of organic 
matter or deeper soils were positively associated with VRT net returns compared to FP.  Higher 
elevation fields had a negative association with VRT net returns compared to FP. Higher 
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elevations may be more exposed to wind and rain and therefore have more erosion. Higher 
temperatures had a negative relation to VRT net returns. All else equal, warmer climates were 
negatively associated with VRT yields compared to FP, positively with N rates and, thus, 
negatively with NR. Warmer temperatures are correlated with dryer climates, particularly during 
the summer months in the United States (Madden and Williams 1978), which may cause the 
need for higher N rates. N applied was not high enough to increase yields such that net returns 
were increased.  
N Production Use Efficiency 
Results from Equation 23 indicated that soil and climate characteristics play a significant role in 
N use efficiency. NPU was negatively associated with clay soil texture compared to sand and 
positively associated with loam soil texture.  Soils that were richer in organic matter had a 
positive association with VRT N use efficiency compared to FP. More erodible soils or fields 
with warmer temperatures had negative associations to VRT N efficiency. While a higher 
percentage of organic matter had a positive relation to N use efficiency of VRT compared to FP, 
all else equal, the more erodible fields and warmer climates had negative associations to N use 
efficiency, likely due to the need for higher N rates. 
Risk Management Benefits 
Stochastic Dominance 
Results presented above for mean differences among the N management treatments are 
applicable to risk-neutral producers who makes decisions based on expected net returns. Risk 
averse farmers are not only concerned about expected net returns but also the dispersion of net 
returns—particularly net returns that fall below the expected value. The cumulative probability 
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distributions for net return displayed at the sub-plot level and at the location-year (also referred 
to as field) level in Figure 2 were used to evaluate the risk management benefits of optical 
sensing and VRT for N management in cotton. In addition, cumulative probability distributions 
for yield, N rate, and N use efficiency at the sub-plot and field levels are presented in Figures 3-
10.  
At the sub-plot level, the net return distributions crossed when all treatments were 
examined together, but treatment 2 compared to FP exhibited first degree stochastic dominance, 
Figure 7. However, the net return distribution for treatment 2 was not first degree stochastic 
dominant over the FP at the field level. Thus, a farmer using first degree stochastic dominance as 
the decision rule for field level data could not make a decision on whether to adopt VRT based 
on first degree stochastic dominance criterion. At the sub-plot and field levels, yield, N rate, and 
NPU distributions crossed at least once, indicating that VRT did not provide consistently higher 
yields, lower N rates, or higher NPU across the different field locations in the study, respective 
Figures 3-4, 5-6, and 9-10. 
Based on the mean-variance rule, the farmer could not make a decision as the highest 
mean net return occurred in treatment 2 and the lowest variance occurred in treatment 3, Table 
14. Further investigation was needed to know if the treatments were significantly different. The 
lint yield KS statistics indicated that the treatments did not differ at the sub-plot or field level, 
Table 15. Both VRT net return distributions were respectively different when compared to the 
FP at the sub-plot level. When tested to see if the two VRT treatments were different from each 
other, the KS results indicated that net return distributions were not significantly different 
between the two VRT treatments at both the sub-plot and field levels. 
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Downside Risk – Lint Yields, N Rates, and Net Returns 
When equations 28-31 were tested for multicollinearity, the VIF for each variable was 
under a value of five. The significant explanatory variables were evaluated at their means to 
determine the potential risk management benefit of using VRT. Table 16 includes the estimated 
coefficients for Equations 28-31. Marginal effects of soil characteristics and weather on VRT 
risk management benefits are shown in Table 17. 
The significant soil and weather factors associated with lint yields in the estimated logit 
model were silt soil texture (Pr≤0.01), loam soil texture (Pr≤0.01), water holding capacity 
(Pr≤0.10), organic matter (Pr≤0.05), soil depth (Pr≤0.05), and growing degree days (Pr≤0.01). 
Yield marginal changes indicate coarser soils or warmer temperatures are positively attributed 
with the probability of lower VRT yields than FP. Greater water holding capacity, higher 
percentages of organic matter, or deeper soils are negatively associated with the probability of 
lower VRT yields than FP. All else equal, increases in organic matter could potentially lower the 
probability of yield loss enough to warrant VRT adoption for some.    
Odds ratios were evaluated at the means of the significant variables in the cotton lint 
yield model for the two significant soil texture variables, Equation 36. At the silt soil texture, the 
lint yields odds ratio indicated that VRT treatment yields were 3.6 times as likely to be lower 
than FP yields under these conditions. There was a 78.11% probability of VRT yields being 
lower than FP yields, Equation 37. A field with a silt soil texture had a high probability of lower 
yields with VRT and could potentially benefit from a keeping the farmer’s current practice N 
rate. 
Estimating the odds ratio at the loam soil texture indicated that VRT treatments on loam 
fields were 2.3 times as likely to have lower yields than with FP. Evaluating Equation 36 for the 
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loam soil texture, there was a 69.44% probability that VRT yields were lower than FP yields. 
Loamy fields with the same mean soil conditions and climate would also likely benefit from FP 
in terms of yields.  
 The significant soil and weather variables related with N rates in the estimated logit 
model were silt soil texture (Pr≤0.01), loam soil texture (Pr≤0.01), elevation (Pr≤0.01), water 
holding capacity (Pr≤0.01), treatment 3 dummy variable (Pr≤0.01), and soil erosion index 
(Pr≤0.01). Evaluating the marginal changes in soil and weather attributes at the means indicated 
that coarser soils or soils at higher elevations are negatively associated with the probability that 
FP generates lower N rates than VRT, Table 17. Greater water holding capacity, more erodible 
soils, or treatment 3 were positively associated with the probability that FP generates lower N 
rates than VRT.  
 N rate odds ratios were estimated at the means of the significant variables for the soil 
textures silt and loam. N rate odds ratio for silt indicated that FP N rates were 0.32 times as 
likely to be lower than VRT N rates. There was a 24.21% probability that the FP N rates were 
lower than VRT N rates. Silt fields with the mean soil conditions would likely benefit from VRT 
in terms of N cost savings and environmental benefits due to the 75.79% chance of VRT 
generating lower N rates than FP.  
 Evaluating the odds ratio at the loam soil texture indicated that the FP N rates were 0.27 
as likely to be lower than the VRT N rates, Equation 36. The probability of FP N rates being 
lower than VRT N rates, Equation 37, was 26.68%. Under these conditions, there was a 
relatively small chance that FP was applying less N than the VRT technology calculated as 
necessary. A field with these conditions may benefit from VRT use for environmental benefits.  
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 Parameter estimates from the net returns logit model Equation 30 are in Table 16. The 
significant soil and weather variables associated with net returns in the estimated logit model 
were silt soil texture (Pr≤0.01), loam soil texture (Pr≤0.06), organic matter (Pr≤0.10), and 
growing degree days (Pr≤0.01). Evaluating soil property and weather marginal changes in 
relation to net returns indicated that coarser soil textures and warmer temperatures were 
positively associated with the probability of lower net returns using VRT compared to FP, Table 
17.   
 Evaluating the NR odds ratio at the means of the significant variables for the soil texture 
silt indicated that VRT net returns were 3.3 times as likely to be lower than FP net returns There 
was a 76.6% chance that VRT had lower net returns than FP. Field with these conditions would 
not benefit from VRT adoption in terms of profits. 
  The odds ratio evaluated at the loam soil texture indicated that VRT net returns were 3.0 
times as likely to be less than FP. The probability of downside risk under these conditions was 
74.91%, Equation 27. Fields with these soil conditions would be better suited to continue using 
the current FP N management in place.  
Downside Risk – N Production Use Efficiency 
Significant soil and weather variables related with N production use were sand soil texture 
(Pr≤0.10), clay soil texture (Pr≤0.01), loam soil texture (Pr≤0.05), soil depth (Pr≤0.05), soil 
erosion index (Pr≤0.05), and growing degree days (Pr≤0.01).The marginal changes in soil 
properties and weather in relation to NPU indicated that finer soil textures or warmer 
temperatures were positively associated with the probability of a lower VRT N use efficiency 
compared to FP, Table 17. Deeper soils or coarser soil textures were negatively related to the 
probability of lower N use efficiency of VRT compared to FP.  
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 NPU efficiency odds ratio estimated at the clay soil texture indicated that VRT N use 
efficiency was 79.9 times as likely to be lower than FP. There was a 98.76% probability of VRT 
NPU being lower than FP, Equation 37. Using VRT on clay fields with the mean depth, erosion 
index, and temperature such as these would be inefficient in terms of N use relative to the FP.  
 At soil texture loam the odds ratio indicated that VRT N use efficiency was 0.5 times as 
likely to be lower than FP. Evaluating Equation 37 at this odds ratio, there was a 32.08% 
probability that VRT N efficiency was lower than FP on loam fields with these conditions. This 
means there is a 67.92% chance of higher N use efficiency using VRT compared to FP.  
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CHAPTER V: CONCLUSIONS AND RECOMMENDATIONS 
The objective of this study was to determine the effect of optical sensing and VRT on 
profitability, N use/NPU efficiency, and risk management in cotton production. Field trials were 
conducted in Tennessee, Mississippi, Louisiana, and Missouri from 2011 to 2014 that provided 
cotton yield and N rates applied per technology, Table 2. Two VRT treatments were compared to 
the FP using methods that included an ANOVA to determine mean treatment differences, an 
ANOVA to determine soil and weather effects on treatment mean differences, and a logistic 
analysis to identify risk management benefits. 
Two main conclusions were drawn from this study. First, the VRT treatments indicated 
some N savings but were not profitable compared to FP. There was some evidence of 
significantly higher mean net returns using VRT with Greenseeker™ compared to the current 
practice at the sub-plot level, but the field level showed no difference. Second, there were profit 
risk management benefits identified at the field level using Greenseeker™ compared to FP. 
Other inferred conclusions that can aid in the cotton farmer’s decision making are: 1) the 
VRT treatments may not apply enough N to significantly increase yields; 2) four locations 
realized significantly lower N rates applied in at least one form of VRT N fertilizer application 
and four had higher N rates; and 3) N rates were not low enough to increase N use efficiency and 
encourage environmental benefits.. The fields tested in the experiments likely had limited 
enough spatial and temporal variability within the field that VRT treatments did not make a 
difference in net returns.  
Cotton farmers in Tennessee, Louisiana, Mississippi, and Missouri states can use this 
information as a decision aid when considering switching to VRT. Mean net returns were 
positive across locations (for all technologies), Table 2, but N savings and EQIP incentive 
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payments did not offset the cost of the technology enough to justify the adoption of VRT in the 
MRB states. Policy makers are also interested in these results as EQIP payments did not increase 
net returns enough to justify the adoption of VRT. This can be considered when deciding nutrient 
management cost-share payments for the future in Tennessee, Mississippi, Missouri and 
Louisiana. 
 Areas for potential further research on net returns with this data include incentive 
payments and price sensitivity. Determining the precision nutrient management EQIP payment 
that would make optical sensing and VRT more profitable than FP by state would be of interest 
to policy makers. Research on net return sensitivity to cotton lint price could indicate the 
threshold where VRT becomes statistically more profitable than FP. Additional studies on fields 
with more spatial and temporal variability could also be conducted for further research in this 
discipline. 
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Tables 
Table 1. Literature review summary 
    Profitability Excess N 
Risk Management 
Benefits 
Author Year Fertilizer Crop VRT URT FP VRT URT FP VRT 
Watkins, Lu, and Huang 1998 N seed potato $1 per ha $2 per ha  same to reduced same to reduced   
Roberts et al. 2002 N corn    reduced more Reduced   
Hu et al. 2007 N rice $63 to $82 per ha   +NUE    
Peng et al. 2006 N rice similar to higher  X - N/+ NUE  X  
Lambert, Lowenberg-DeBoer, 
and Bongiovanni 
2004 N corn 0 or $1 to $2 per ha X      
Wang et al.  2003 N corn ++ X  reduced X   
Maine et al.  2010 N corn ++ overall X      
Biermacher et al.  2006 N winter wheat $21.80 to $24.30 
per ha 
X  N by -59% by -82% X   
Biermacher et al.  2009 N winter wheat $16 per ha $9 per ha      
Butchee, May, and Arnall 2011 N spring wheat    -22.4 kg N per ha  X  
Ortiz-Monasterio and Raun 2007 N spring wheat $56 per ha  X -69 kg N per ha  X  
Raun et al.  2002 N winter wheat $4 to $5 per ha   NUE +15%    
Raun et al.  2005 N winter wheat    NUE +15%    
Scharf et al.  2011 N corn $42 per ha X  - 15 kg N per ha X   
Lowenberg-DeBoer 1999 P&K corn*       X 
Isik and Khanna 2003 N&P corn       X 
Larson, English, and Roberts 2002 N corn       X 
*Corn-soybean or corn-soybean-wheat rotation. 
X represents VRT in relation to either URT or FP. 
++ represents that VRT was overall more profitable than either URT or FP. 
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Table 2. Mean cotton lint yields (kg ha−1), N rates (kg ha−1), NPU efficiency, and net returns 
($ ha−1) by location and year 
County/Parish State Year N 
Cotton Lint 
Yield  
(kg ha−1) 
N rates 
(kg ha−1) 
NPU 
Efficiency 
Net Returns 
($ ha−1) 
Research Station   LA 2012 89 941.14 101.65 9.44 1476.63 
Tensas Parish Middle  LA 2012 90 1742.67 122.48 14.63 2787.45 
  2013 90 1850.73 142.23 13.06 3162.93 
Tensas Parish Middle 
low 
LA 2014 90 1524.16 113.43 14.00 2675.18 
Tensas Parish North  LA 2012 90 2307.38 102.33 28.33 3789.34 
  2013 100 1329.18 132.35 10.97 2235.61 
Tensas Parish South  LA 2012 90 1197.45 135.29 9.07 1835.10 
  2013 90 1980.03 109.57 18.23 3463.60 
  2014 80 1755.68 125.27 13.92 3077.85 
Dunklin   MO 2013 12 887.22 99.29 9.29 1484.72 
New Madrid East  MO 2012 24 1318.00 75.12 17.68 2151.04 
New Madrid North  MO 2012 33 1247.82 75.62 16.67 2031.05 
New Madrid South  MO 2012 12 1042.00 83.33 12.55 1665.04 
Pemiscot North  MO 2013 6 1313.41 91.08 15.46 2273.55 
Pemiscot South  MO 2013 6 1180.49 103.58 11.58 2007.44 
Adams  MS 2012 107 1010.71 78.49 14.86 1647.00 
Leflore East  MS 2014 35 1761.77 143.45 12.33 3047.17 
Leflore North  MS 2013 60 1742.37 119.19 15.23 3013.67 
Leflore South  MS 2013 48 1952.37 142.55 13.93 3437.51 
Carroll   TN 2014 72 836.96 93.32 9.25 1451.90 
Gibson   TN 2011 72 760.35 179.23 4.82 1570.31 
  2012 88 1160.80 93.96 13.00 1849.92 
Lauderdale   TN 2012 90 1485.86 114.22 13.09 2369.38 
  2013 90 869.03 98.29 23.37 1474.07 
  2014 90 722.41 92.69 8.28 1242.81 
Madison North  TN 2012 72 959.41 88.81 11.77 1543.11 
  2013 72 1168.91 72.79 55.53 2068.93 
Madison South  TN 2014 72 1189.96 91.29 13.61 2104.08 
Tipton   TN 2012 72 1286.63 93.94 13.93 2077.64 
N represents the number of observations. 
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Table 3. 2013 Ownership Cost Budgets for Greenseeker™, Yield Monitor Information 
Systems (YMIS), a Computer, and Technical Assistance 
 
 Green-
seeker™ YMIS Computer 
Technical 
Advice10 
Ownership Cost 
 
Dollars Dollars Dollars 
Cost by 
State Dollars 
Capital Recovery (annual) 2  $13,622.38   $ 3,232.99   $ 224.90    
 Purchase/list price1,6,7 (2013 dollars) $60,684.08  $14,421.08  $1,001.24   
 
 Salvage value3 (2013 dollars)  $      48.27   $      34.52   $     -      
 Capital recovery factor 0.22 0.22 0.22   
 Real interest rate4 (%) 4% 4% 4%   
 Useful life (years)5 5 5 3   
 Average hours of use per year5 300 600    
Taxes, Insurance, and Housing2  $    606.36   $    143.87   $   10.01    
 Interest rate (%) 2% 2% 2%   
Repairs and Maintenance2  $42,478.86   $11,536.86   $     0.00   
 Repairs as % of list price3 (%) 70% 80%    
 Useful life5 (hours) 1500 3000    
Hectares per Hour2 16.86 1.82    
 Speed (km hour−1)3 10.5 4.5    
 Width (m)3 24.7 5.7912    
 Meters per kilometer (m km−1) 1,000 1,000    
 Efficiency (%)3 65% 70%    
 Meters2 ha−1 10,000 10,000    
Hours ha−1 0.059 0.548    
Cotton Enterprise Size8      
 Tennessee farm (ha)   279.42  $  0.28   
 Mississippi farm (ha)   231.10  $  0.34   
 Louisiana farm (ha)   196.47  $  0.40   
 Missouri farm (ha)   347.08  $  0.23   
Total ownership costs hour−1  $    37.81   $        4.97   $   78.31    
Total costs (2013 dollars ha−1)  $      2.25   $        2.73    $  12.63 
Greenseeker™ costs * 1.029 $       2.29     
1Includes $500 (684.08 in 2013 dollars) to retrofit (Larson et al. 2005) 
2Formula given in Boehlje and Eidman (1984) 
3ASABE Standards (2011) 
4American Agricultural Economics Association (2000) 
5Gandonou et al. (2006) 
6List Price for Yield Monitoring is the average of Case IH and John Deere plus $500 (684.08 in 2013 dollars) (Larson et al. 
2005) 
7Average cost for desktop computer and color printer (informal survey 2014) 
8Average area (ha) in cotton on a farm categorized as a cotton farm per state as given by 2012 Census of Agriculture (USDA 
2012) 
9Greenseeker™ multiplied by 1.02 to account for N rich strip calibration (Biermacher et al. 2009a). 
10Mooney et al. 2010 
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Table 4. Partial budget summary for VRT treaments: Greenseeker™ (treatment 2) and 
Greenseeker™ plus YMIS (treatment 3) 
Net Return Component Treatment 2 Treatment 3 
Revenue ($ ha−1)   
 Cotton Revenue ($ ha−1)  $       2,530.27   $       2,509.08  
  Cotton lint price1 ($ kg−1)  $              1.86   $              1.86  
  Cotton lint yield1 (kg ha−1) 1360.36 1348.97 
 2013 EQIP Payment ($ ha−1)    
  Tennessee  $             63.99   $             63.99  
  Louisiana  $             66.53   $             66.53  
  Mississippi  $             66.28   $             66.28  
  Missouri  $             33.61   $             33.61  
     
     
Costs ($ ha−1)   
 N applied ($ ha−1)  $             66.55   $             71.51  
  Urea N price1 ($ kg−1)  $               0.93   $               0.93  
  In-season N rate1 (kg ha−1) 71.56 76.89 
 N fertilizer application3 ($ ha−1)  $               6.60   $               6.60  
 Information/operating costs2 ($ ha−1)  
  Tennessee  $               2.29   $             12.91  
  Louisiana  $               2.29   $             13.03  
  Mississippi  $               2.29   $             12.97  
  Missouri  $               2.29   $             12.86  
     
Net Returns ($ ha−1)    
 Tennessee  $       2,518.82   $       2,508.20  
 Louisiana  $       2,521.36   $       2,510.62  
 Mississippi  $       2,521.11   $       2,510.43  
 Missouri  $       2,488.44   $       2,477.87  
1Prices, yields, and N rates are averages of the years included in this study (2013 real $). 
2Operating costs for treatment 3 include cost of computer and technical assistance (see table 3). 
3N fertilizer application is the labor cost for dry bulk only.  
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Table 5. Dependent and explanatory variable names, definitions, and means  
Variable Name Variable Definition Mean Min Max N 
Dependent Variable     
Y Cotton lint yields (kg ha−1) 1347.07 133.25 2585.06 1942 
N Total nitrogen rates applied (kg ha−1) 109.74 33.59 252.83 1953 
NR Net returns ($ ha−1) 2268.57 239.25 4232.64 1942 
NPU Nitrogen production use efficiency (Y/N) 13.43 0.61 119.56 1942 
Y∆ VRTi-FP yields (kg ha−1) 37.05 -1941.20 2077.53 1263 
N∆ VRTi-FP N rates (kg ha−1) 4.95 -67.59 125.36 1263 
NR∆ VRTi-FP NR ($ ha−1) 102.37 -3630.32 3668.06 1263 
NPU∆ VRTi-FP NPU  -3.21 -96.52 20.18 1263 
Yprob If VRTi<FP, 1; otherwise, 0 0.45 0 1 1263 
Nprob If VRTi>FP, 1; otherwise, 0 0.55 0 1 1263 
NRprob If VRTi<FP, 1; otherwise, 0 0.37 0 1 1263 
NPUprob If VRTi<FP, 1; otherwise, 0 0.47 0 1 1263 
      
Explanatory Variables     
Treatment  Treatment dummy     
 1 Farmer practice    
 2 VRT GreenseekerTM    
 3 VRT GreenseekerTM + yield monitor information systems (YMIS)1 
Soil texture index Soil texture ranked by coarseness (4 being the 
coarsest) 
2.13 1 4 1935 
 1 Clay     
 2 Silt     
 3 Loam     
 4 Sand1     
Elevation  Vertical distance above sea-level (meters) 64.40 21.64 136.36 1953 
Water holding 
capacity2 
Water holding capacity (cm cm−1) – “the 
amount of water that an increment of soil 
depth, inclusive of fragments, can store that is 
available to plants” 
0.21 0.08 0.23 1935 
Organic matter2  Organic matter (%) – “the amount by weight 
of decomposed plant and animal residue 
expressed as a weight percentage of the less 
than 2 mm soil material” 
1.84 0.52 2.50 1935 
Soil erosion index  Soil erosion index  7.35 0.21 39.13 1935 
Depth2  Soil depth (cm) – “Distance from the top of 
the soil to the base of the soil horizon” 
21.53 8.00 64.00 1935 
Growing degree 
days  
Seasonal growing degree days (Celsius) 1574.3 1025.93 1943.27 1953 
Treatment 3  If treatment 3 (GreenseekerTM plus YMIS), 
then 1; otherwise, 0 
0.33 0 1 1953 
1Reference variable      
2Definition taken directly from SSURGO (USDA 2014f).     
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Table 6. Mean elevation (meters), soil texture(s), mean SEI, mean water holding capacity (cm cm−1), mean organic matter (%), 
mean soil depth, and mean growing degree days (Celsius) by county/parish and state 
County/Parish State N 
Elevation 
(meters)4 
Soil 
Texture(s)2 SEI 
Water Holding 
Capacity  
(cm cm−1)1 
Organic 
Matter (%)1 
Soil Depth 
(cm)1 
Growing Degree 
Days (Celsius)3 
Research Station LA 90 21.64 Sand 7.53 0.22 2.20 18.00 1938.34 
Tensas Middle LA 180 21.64 Silt 3.59 0.21 2.23 22.29 1846.54 
Tensas Middle low LA 90 21.64 Silt 3.69 0.22 2.20 28.00 1346.87 
Tensas North LA 190 23.46 Clay; Silt 3.15 0.18 2.15 15.96 1830.56 
Tensas South LA 270 21.64 Clay; Silt 7.26 0.22 2.20 28.00 1731.71 
Dunklin MO 12 82.09 Loam; Sand 0.31 0.09 1.01 19.67 1439.52 
New Madrid East MO 24 92.99 Loam; Sand 2.06 0.21 1.35 22.75 1682.86 
New Madrid North MO 33 89.74 Loam 1.92 0.21 1.23 19.61 1682.86 
New Madrid South MO 12 89.74 Sand 1.00 0.17 0.75 20.00 1682.86 
Pemiscot North MO 6 85.12 Silt; Sand 2.53 0.19 1.13 17.33 1377.81 
Pemiscot South MO 6 83.86 Silt 3.85 0.23 2.00 18.00 1377.81 
Adams MS 107 55.17 Silt 6.87 0.22 1.89 27.03 1856.31 
Leflore East MS 
35 
43.07 Clay; Silt; 
Loam 
6.91 0.20 1.49 20.00 1211.69 
Leflore North MS 60 43.07 Silt; Loam 6.59 0.19 1.75 23.00 1648.79 
Leflore South MS 48 43.07 Silt; Loam 6.86 0.20 1.60 21.54 1648.79 
Carroll  TN 72 123.22 Silt 11.41 0.21 1.45 17.49 1025.93 
Gibson  TN 160 130.72 Silt 19.60 0.22 1.38 21.32 1464.16 
Lauderdale  TN 270 90.32 Silt 3.22 0.21 1.93 13.18 1337.34 
Madison North TN 144 117.25 Silt 16.12 0.22 1.33 20.06 1404.96 
Madison South TN 72 136.36 Silt 12.79 0.22 1.41 18.72 1063.23 
Tipton  TN 72 89.70 Silt 5.02 0.22 1.25 40.51 1584.43 
1 Source: SSURGO (USDA 2014f). 
2 Source: Soil texture triangle (USDA 2014e). 
3 Source: PRISM (PRISM 2014). 
4 Source: National Elevation Data (U.S. Geology Survey 2014). 
N represents number of observations. 
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Table 7. Best fit criteria for treatment effect models, Equations 16-19 
 Yields N Rate NPU NR 
 With Without With Without With Without With Without 
-2 LL 27181.0 27187.8 17617.0 18274.3 12695.8 12886.7 29433.0 29435.2 
AIC 27195.0 27199.8 17625.0 18280.3 12709.8 12898.7 29447.0 29447.2 
BIC 27190.7 27196.1 17629.2 18283.5 12705.5 12895.0 29442.7 29443.6 
N used 1924 1924 1935 1935 1924 1924 1924 1924 
N represents number of observations. 
AIC is the Akaike information criterion, BIC is the Bayesian information criterion, and the -2LL is the -2 Log 
Likelihood. 
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Table 8. Treatment effect estimates of VRT treatments 2 and 3 versus FP by location on lint yield (kg ha−1), N rate (kg ha−1), 
NPU, and net returns (NR) ($ ha−1) 
 
 
  Cotton Lint Yield  
(kg ha−1) 
Total N Rates  
(kg ha−1) 
NPU Efficiency 
(kg kg-1) 
Net Returns 
($ ha−1) 
County/Parish State N 2 vs 1 3 vs 1 2 vs 1 3 vs 1 2 vs 1 3 vs 1 2 vs 1 3 vs 1 
Research Station   LA 30 211.71 271.85 37.54 32.26 -1.11 -0.33 339.48 446.59 
   (284.71) (237.62) (17.91) (16.69) (3.66) (2.76) (471.11) (394.46) 
Tensas Middle  LA 60 -26.53 -42.19 -26.10 -14.23 2.91 1.18 73.13 15.77 
   (183.39) (171.05) (21.71)* (13.73)* (2.95) (2.06) (335.51) (313.35) 
Tensas Middle low  LA 30 67.05 19.65 -45.90 -50.52 5.45 5.72 276.87 195.90 
   (103.57) (126.16) (5.90) (6.06) (1.21) (1.40) (190.26) (232.52) 
Tensas North  LA 60 153.95 120.37 79.22 84.33 -17.15 -17.91 163.19 90.22 
   (119.97) (181.58) (12.57)* (19.52)* (11.69)* (12.43)* (226.68) (332.13) 
Tensas South  LA 90 234.03 219.22 9.50 24.69 1.50 -0.08 452.83 390.41 
   (593.14) (574.53) (16.89)* (24.76)* (4.93) (5.22) (1031.12) (1010.62) 
Dunklin   MO 4 -82.30 -92.51 -18.48 -23.80 0.95 1.88 -84.03 -94.68 
    (44.57) (73.65) (13.11) (21.10) (1.18) (3.39) (62.69) (136.49) 
New Madrid East  MO 8 -18.59 -27.52 -6.02 -3.78 1.33 0.67 8.23 -14.94 
    (37.84) (35.32) (6.69) (6.80) (1.43) (1.56) (59.65) (63.17) 
New Madrid North  MO 11 19.02 12.00 -3.97 -4.72 1.28 1.45 67.30 54.11 
    (71.34) (81.91) (9.26) (10.46) (2.27) (2.26) (121.03) (132.36) 
New Madrid South  MO 4 51.00 61.57 6.44 8.40 -0.29 -0.50 98.01 108.52 
    (26.14) (34.75) (7.94) (5.67) (1.53) (1.10) (60.66) (66.31) 
Pemiscot North  MO 3 55.27  -41.81  7.95  212.60  
    (129.95)  (8.40)  (4.06)  (250.70)  
Pemiscot South  MO 3 -20.94  -16.80  1.89  23.61  
    (288.35)  (16.95)  (3.07)  (510.74)  
Adams   MS 29 117.77 57.66 17.25 26.71 -6.74 -8.58 222.35 96.12 
   (58.26) (75.84) (39.40) (54.08)* (8.87) (11.30)* (27.51) (30.40) 
Leflore East  MS 17 20.10  17.38  -1.33  64.03  
   (306.27)  (6.85)  (2.09)  (559.30)  
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Table 8. Continued 
  
  Cotton Lint Yield  
(kg ha−1) 
Total N Rates  
(kg ha−1) 
NPU Efficiency 
(kg kg−1) 
Net Returns 
($ ha−1) 
County/Parish State N 2 vs 1 3 vs 1 2 vs 1 3 vs 1 2 vs 1 3 vs 1 2 vs 1 3 vs 1 
Leflore North  MS 20 -22.93 -54.22 -31.07 -14.47 4.16 2.04 81.82 -11.77 
   (54.67) (132.68) (18.95)* (25.57) (3.06) (3.82) (101.80) (236.09) 
Leflore South  MS 16 103.06 38.91 11.27 13.24 -0.14 -0.61 223.42 100.24 
   (98.79) (92.19) (18.12) (23.81) (2.18) (2.80) (177.21) (193.01) 
Carroll  TN 24 30.69 134.90 -16.80 -5.60 2.31 2.16 149.39 315.32 
   (246.94) (150.60) (15.84) (20.36) (3.60) (2.87) (462.84) (285.18) 
Gibson   TN 48 -11.03 -4.42 -14.65 -16.42 1.20 1.56 -2.92 -15.29 
   (303.57) (286.92) (19.42)* (22.30)* (3.94) (3.04) (576.54) (532.59) 
Lauderdale   TN 90 -12.88 45.84 -18.66 -12.07 2.45 2.86 76.83 165.33 
   (391.78) (360.03) (18.84)* (20.85)* (5.03) (5.54) (718.42) (657.46) 
Madison North  TN 48 -360.74 -286.99 18.90 21.93 -32.88 -34.34 -641.41 -521.44 
   (608.74) (533.45) (38.80)* (49.86)* (37.10)* (40.98)* (1148.18) (1010.12) 
Madison South  TN 24 -83.65 -65.59 -12.60 -15.86 1.33 2.59 -68.93 -32.30 
   (301.44) (231.69) (15.60) (21.88) (4.33) (5.00) (573.11) (424.55) 
Tipton   TN 24 11.04 -50.89 -6.53 -14.00 1.20 1.89 92.83 1.70 
   (182.06) (194.22) (10.40) (14.11) (2.15) (3.05) (305.61) (327.91) 
* Significant differences using the Bonferroni correction to deal with multiple comparisons.  
Standard errors are in parentheses. 
N is the number of observations; the Pemiscot, MO, locations did not have a treatment 3. 
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Table 9. Differences of least squares means and Dunnett’s test results, with (With) and 
without (Without) the location-treatment interaction term 
  F Observed Estimate 
Variable Effect With Without 
Yield Treatment 2 vs 1 29.96 28.68 
  (21.50) (15.69) 
Yield Treatment 3 vs 1 38.39 35.82 
  (21.92) (15.84)++ 
N rate Treatment 2 vs 1 -2.20 2.32 
  (5.50) (1.46) 
N rate Treatment 3 vs 1 1.35 7.95 
  (5.73) (1.50)+++ 
NPU Treatment 2 vs 1 -1.86 -3.21 
  (1.72) (0.67)+++ 
NPU Treatment 3 vs 1 -2.15 -3.70 
  (1.77) (0.66)+++ 
Net Returns Treatment 2 vs 1 90.73 89.59 
  (34.33)++ (28.27)+++ 
Net Returns Treatment 3 vs 1 76.03 72.09 
  (34.92)+ (28.56)++ 
Note: Standard error in parentheses.  
+,++,+++ Dunnett’s adjusted probability significant at the 10%, 5%, or  1% level. 
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Table 10. Treatment, soil attribute, and climate effects on lint yields (kg ha−1), N rates (kg 
ha−1), NPU, and net returns (NR) ($ ha−1) 
 
Cotton lint yields  
(kg ha−1) 
N rates 
(kg ha−1) 
NPU 
 
NR  
($ ha−1) 
N 1924 1935 1924 1924 
Intercept1 (𝜇) 1872.41 133.85 159.15 2730.60 
 (467.32)*** (15.82)*** (14.68)*** (739.26)*** 
Treatment 1 (𝜏1) -38.39 -1.35 2.15 -76.86 
 (21.92)* (5.73) (1.77) (48.83)** 
Treatment 2 (𝜏2) -8.42 -3.55 0.29 -14.27 
 (21.62) (5.73) (1.66) (34.67) 
Elevation (𝜓) -5.53 -0.35 -0.27 -8.30 
 (2.66)* (0.12)*** (0.07)*** (4.62)* 
WHC2 (𝜔) 29.72 0.98 -0.51 -53.20 
 (5.10)*** (0.38)*** (0.09)*** (9.19)*** 
OM3 (𝜃) 1.64 -0.05 0.03 3.01 
 (0.36)*** (0.03)* (0.01)*** (0.65)*** 
Soil Texture4,1 (𝛽) 26.44 -1.52 0.69 48.64 
 (3.78)*** (0.27)*** (0.72)*** (6.78)*** 
SEI (𝛾) 0.78 0.87 -0.04 1.33 
 (2.18) (0.18)*** (0.04) (3.93) 
Depth (𝜑) 5.33 -0.01 0.05 9.58 
 (1.01)*** (0.08) (0.02)*** (1.83)*** 
GDD (𝜒) -0.44 0.01 -0.09 -0.52 
 (0.21)** (0.00)*** (0.00)*** (0.32) 
*,**,*** Significant at the 10%, 5%, and 1% level. 
Standard error in parentheses. 
WHC is water holding capacity, OM is organic matter, SEI is soil erosion index, GDD is growing 
degree days, and N is number of observations. 
1Treatment 3 and soil texture ‘sand’ are in intercept. 
2 WHC scaled by 100 cm cm−1. 
3 OM scaled by 100%. 
4 Soil texture scaled by 10% 
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Table 11. Soil and climate property means by farm with significant N rate differences using VRT versus FP 
N Rate County/Parish State 
Elevation 
(meters)4 
Soil 
Texture(s)2 SEI 
Water Holding 
Capacity  
(cm cm−1)1 
Organic 
Matter (%)1 
Soil Depth 
(cm)1 
Growing 
Degree Days 
(Celsius)3 
VRT<FP 
Tensas Middle LA 21.64 Silt 3.59 0.21 2.23 22.29 1846.54 
Gibson  TN 130.72 Silt 19.6 0.22 1.38 21.32 1464.16 
Lauderdale  TN 90.32 Silt 3.22 0.21 1.93 13.18 1337.34 
Leflore North MS 43.07 Silt; Loam 6.59 0.19 1.75 23 1648.79 
 average   71.44   8.25 0.21 1.82 19.95 1574.21 
VRT>FP 
Madison North TN 117.25 Silt 16.12 0.22 1.33 20.06 1404.96 
Adams MS 55.17 Silt 6.87 0.22 1.89 27.03 1856.31 
Tensas North LA 23.46 Clay; Silt 3.15 0.18 2.15 15.96 1830.56 
Tensas South LA 21.64 Clay; Silt 7.26 0.22 2.20 28.00 1731.71 
 average   54.38   8.35 0.21 1.89 22.76 1705.89 
1 Source: SSURGO (USDA 2014f).       
2 Source: Soil texture triangle (USDA 2014e).      
3 Source: PRISM (PRISM 2014).       
4 Source: National Elevation Data (U.S. Geology Survey 2014).   
 
Table 12. Type 3 fixed effects, Equations 16-19, (With) and without (Without) the location-treatment interaction term 
 Treatment F Value Estimate 
Variable With Without 
Yield1,2 1.71 2.84* 
N rate1 0.2 14.8*** 
NPU1,2 0.86 16.44*** 
Net Returns1,2 3.90** 5.52*** 
*** Significant at the 1% level. 
1Model included Satterthwaite approximation to deal with degrees of freedom.  
2Model included a repeat statement with group treatment to deal with unequal variances. 
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Table 13. Soil and climate attribute effects on lint yield (kg ha−1), N rate (kg ha−1), net 
returns (NR) ($ ha−1), and NPU mean differences 
 Effect 
Yield 
(kg ha1) 
N rate 
(kg ha1) 
NR 
($ ha1) 
NPU 
Intercept1,2 (𝜇) 32.54 -7.77 856.58 -9.87 
 -20.83 (1.91)*** (372.90)** (8.78) 
Clay2 (𝛽1) -4.63 6.33 -195.82 -12.41 
 -6.61 (0.61)*** (118.31)* (2.77)*** 
Silt2 (𝛽2) -24.45 -1.68 -376.13 -2.67 
 (4.92)*** (0.45)*** (87.97)*** (2.08) 
Loam2 (𝛽3) -14 -2.41 -190.16 6.19 
 (6.15)** (0.56)*** (110.02)* (2.59)** 
Elevation (𝜓) -1.98 -0.05 -3.80 0.03 
 (0.53)*** -0.05 (0.95)*** (0.02) 
WHC2 (𝜔) 6.74 1.92 929.64 6.54 
 -6.41 (0.59)*** (1148.78) (26.80) 
OM3 (𝜃) 1.71 -0.03 297.60 8.39 
 (0.48)*** -4.44 (86.15)*** (2.01)*** 
Depth (𝜑) 3.76 -0.27 6.58 0.08 
 (1.26)*** (0.12)** (2.27)*** (0.05) 
VRT3 (𝜈) 24.82 5.81 26.02 0.02 
 -20.59 (1.91)*** (36.90) (0.86) 
SEI (𝛾) 5.89 0.90 6.62 -0.43 
 (2.09)*** (0.19)*** (3.75)* (0.09)*** 
GDD (𝜒) -0.34 0.04 -0.71 -0.01 
 (0.05)*** (0.00)*** (0.09)*** (0.00)*** 
*,**,*** 10, 5, and 1 percent significance. 
Standard error in parentheses. 
WHC is water holding capacity, OM is organic matter, VRT3 is the variable rate dummy 
for treatment 3, SEI is soil erosion index, and GDD is growing degree days. 
The number of observations for each model is 1140. 
1 Intercept contains soil texture sand. 
2 Textures scaled by 10%. 
3 WHC scaled by 100 cm cm−1. 
4 OM scaled by 100%. 
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Table 14. Treatment summary statistics for lint yields (kg ha−1), N rates (kg ha−1), net 
returns (NR) ($ ha−1), and NPU efficiency 
 Summary 
Statistics 
Treatment 
Variable 1 2 3 
Lint Yield (kg ha−1)    
 Max 2,397 2,585 2,565 
 Min 226 133 204 
 Mean 1,332 1,360 1,349 
 Std Dev 463 472 457 
 CV 34.75 34.72 33.91 
 N 649 658 635 
N Rate (kg ha−1)    
 Max 244 226 253 
 Min 34 54 34 
 Mean 107 109 114 
 Std Dev 35 31 35 
 CV 32.48 28.73 30.93 
 N 660 659 635 
NR ($ ha−1)    
 Max 4,081 4,233 4,167 
 Min 481 239 333 
 Mean 2,226 2,315 2,264 
 Std Dev 805 816 782 
 CV 36.14 35.25 34.56 
 N 649 658 635 
NPU     
 Max 120 54 40 
 Min 1 1 1 
 Mean 18 14 14 
 Std Dev 19 7 6 
 CV 107.38 46.07 44.86 
 N 649 658 635 
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Table 15. Kolmogorov-Smirnov Statistics, D Statistic (D Stat) and P value (P) by lint yield, 
N rate, net returns (NR), and NPU and treatment at the sub-plot and field levels 
   Cotton Lint Yield  N Rate NR NPU 
Comparison 
Level 
Treatment 
Comparison N D Stat P value D Stat P value D Stat P value D Stat P value 
Sub-plot 
2 versus 1 1307 0.0576 0.2275 0.2128 <0.0001 0.0852 0.0173 0.1107 0.0007 
3 versus 1 1284 0.0675 0.1075 0.1895 <0.0001 0.0798 0.0334 0.0832 0.0235 
2 versus 3 1293 0.0392 0.7035 0.0849 0.0190 0.0692 0.0906 0.0946 0.0062 
Field 
2 versus 1 58 0.1379 0.9455 0.3103 0.1224 0.1379 0.9455 0.1724 0.7818 
3 versus 1 55 0.1896 0.7075 0.2626 0.3009 0.1605 0.8719 0.1631 0.8589 
2 versus 3 55 0.0981 0.9994 0.1260 0.9815 0.1256 0.9815 0.1552 0.8961 
Note: The null hypothesis is that the treatments are similar. 
N represents the number of observations. 
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Table 16. Soil and climate attribute effects on lint yield, N rate, net returns (NR), and NPU, 
logistic coefficient estimates 
 Effect 
Yield 
(kg ha−1) 
N rate 
(kg ha−1) 
NR 
($ ha−1) 
NPU 
Intercept1,2 (𝜇) -0.91 -1.19 -1.31 -2.51 
 (1.22) (1.48) (1.30) (1.30)* 
Clay2 (𝛽1) -0.27 1.91 0.10 4.15 
 (0.47) (1.18) (0.45) (1.06)*** 
Silt2 (𝛽2) 1.75 -3.86 0.98 -0.13 
 (0.36)*** (0.69)*** (0.35)*** (0.30) 
Loam2 (𝛽3) 1.29 -3.72 0.88 -0.98 
 (0.39)*** (0.65)*** (0.41)** (0.39)** 
Elevation (𝜓) 0.00 -0.02 0.00 0.00 
 (0.00) (0.00)*** (0.00) (0.00) 
WHC2 (𝜔) -7.00 17.71 -3.21 3.29 
 (3.93)* (5.30)*** (4.01) (4.50) 
OM3 (𝜃) -0.61 0.41 -0.51 -0.38 
 (0.29)** (0.38) (0.29)* (0.31) 
Depth (𝜑) -0.02 0.00 -0.01 -0.02 
 (0.01)** (0.01) (0.01) (0.01)** 
VRT3 (𝜈) 0.11 0.46 0.14 0.03 
 (0.12) (0.14)*** (0.13) (0.13) 
SEI (𝛾) -0.02 0.12 0.00 0.03 
 (0.01) (0.02)*** (0.01) (0.01)** 
GDD (𝜒) 0.00 0.00 0.00 0.00 
 (0.00)*** (0.00) (0.00)*** (0.00)*** 
1 Intercept contains soil texture category ‘sand’ 
*,**,*** 10, 5, and 1 percent significance 
Standard error in parentheses. 
Number of observations per model is 1140. 
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Table 17. Marginal effects of soil and climate properties in yields,  
N rates, net returns (NR), and NPU 
 Lint Yield N Rate NR NPU 
Effect Estimate Estimate Estimate Estimate 
Intercept1,2 -5.9623 -6.9554 -7.2956 -9.1885* 
Clay2 -2.3616 57.4634 1.1004 622.3134*** 
Silt2 47.2877*** -9.7883*** 16.5568*** -1.2462 
Loam2 26.4844*** -9.7566*** 14.1669** -6.2626** 
Elevation 0.4425 -1.75443*** 0.498338 -0.24969 
WHC2 -0.9991* 0.0000*** -0.9596 25.8859 
OM3 -0.4567** 0.5132 -0.4017 -0.3185 
Depth -1.8546** 0.3996 -1.2057 -1.7200** 
VRT3 11.9184 59.0423*** 14.7746 3.2590 
SEI -1.7672 12.9867*** 0.0348 3.0898** 
GDD 0.1248*** 0.0249 0.0965*** 0.1845*** 
*,**,*** 10, 5, and 1 percent significance to logit models. 
1 Intercept contains soil texture category sand. 
2 Texture scaled by 10%. 
3 WHC scaled by 100 cm cm−1. 
4 OM scaled by 100%. 
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Figures 
 
 
Figure 1. County/Parish locations of the experiment fields designated by color 
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  Plot 
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1          
Treatment 1 2 3 2 1 3 3 2 1 
   
 Replication 1 Replication 2 Replication 3 
Figure 2. Example of a location’s randomized complete block design: 9 plots, 10 sub-plots 
per plot (totaling 90), and 3 replications of random treatments 
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Figure 3. Sub-plot level cotton lint yields (kg ha−1) cumulative probability distributions 
 
 
Figure 4. Field level cotton lint yields (kg ha−1) cumulative probability distributions 
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Figure 5. Sub-plot level total N rate (kg ha−1) cumulative probability distributions  
 
 
Figure 6. Field level total N rates (kg ha−1) cumulative probability distributions 
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Figure 7. Sub-plot level net return ($ ha−1) cumulative probability distributions 
 
 
Figure 8. Field level net return ($ ha−1) cumulative probability distributions 
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Figure 9. Sub-plot level NPU efficiency cumulative probability distributions 
 
  
Figure 10. Field level NPU efficiency cumulative probability distributions  
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